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ABSTRACT

Bald eagles (Haliaeetus leucocephalus) feed on a variety of aquatic and terrestrial
wildlife. As top predators in their food chain, they may accumulate harmful
concentrations of pollutants such as mercury, which can have detrimental effects on
populations of this species. The stable isotope composition of feathers provides useful
information about the food resources assimilated by bald eagles. The connection between
mercury, (Hg), concentration and stable isotope concentration (

13

C and

15

N) of feathers

were measured to better understand the potential sources and pathways of Hg uptake by
bald eagles living in the Great Lakes region of Michigan and Voyageurs National Park
(VNP), Minnesota in two related research projects. A third project that evaluated the
spatial and temporal exposure of nestling bald eagles across Michigan was also
conducted.
In the first project, adult bald eagle feathers were collected from around the
nesting sites in the Lower Peninsula (LP) and Upper Peninsula (UP), Michigan and VNP
in 2003 and 2004 to determine if parts and sections of the feather were chemically or
isotopically distinct. When analyzing feathers for Hg, a combination of the webbing and
rachis should be used instead of either part separately because the webbing has
significantly greater Hg concentrations. There were significant differences in Hg
concentrations found among the sections of the bald eagle feather. There was a
significantly greater Hg concentration in bald eagle feathers analyzed from VNP
compared with feathers from the UP and LP in Michigan.
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In the second project, feathers from nestlings from three lakes at VNP were
analyzed from 2005. There was a significantly lower Hg concentration in feathers of
nestling bald eagles from nests located along Lake Kabetogama compared with feathers
from nestling bald eagles at Rainy and Crane/Sandpoint Lakes.

15

N concentrations in

feathers from eagles nesting along Rainy and Crane/Sandpoint Lakes differed
significantly.
In the final project, nestling feathers of bald eagles from Michigan collected in
1999-2003, were analyzed for Hg concentrations. We compared Hg concentrations
between sex, among years of collection, and compared concentration to
productivity/reproductive success among subunits at three geographic scales. There were
significant differences in Hg concentrations between the watershed years of study, 19992003 for all the geographic locations, with the years 2002 and 2003 having significantly
lesser Hg concentrations.
By performing this research, valuable information was obtained on developing
appropriate methods for the analysis and interpretation of Hg in feathers. Potential
exposure pathways for bald eagles to Hg in the environment, and spatial and temporal
trends of Hg in the Great Lakes region and VNP have been found which can assist with
future management and conservation of bald eagles.
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PREFACE

This thesis was written in journal style and organized into three chapters, each
with an introduction, methods, results, and discussion. Each chapter is intended for
publication and repetition in some sections (i.e. Introduction, Methods, Results,
Discussion, and Literature Cited) may occur. The chapters are preceded by an
Introduction and followed by overall Conclusions.

xii

GENERAL INTRODUCTION
Bald Eagle Status
The bald eagle (Haliaeetus leucocephalus) is one of the most studied birds of
North America, and a great amount of life history information, including the response of
various stressors on the eagle’s ability to reproduce, is well known (Bowerman et al.
2002). The bald eagle is a large bird of prey and an opportunistic forager, feeding on a
variety of mammalian, avian, and reptilian prey, but generally prefers fish over other food
types (Buehler 2000). Bald eagles are associated with aquatic habitats (coastal areas,
rivers, lakes, and reservoirs) with forested shorelines or cliffs in North America.
Estimates of territory size vary widely based on nesting density, food supply, and method
of measurement (Buehler 2000). Bald eagles typically have one to three eggs per clutch
with a mean clutch size of 1.87 (Stalmaster 1987) and both sexes assist in parental care.
As long-lived predators, bald eagles may accumulate harmful concentrations of
pollutants such as mercury (Hg), which may impact populations of this species. The bald
eagle has undergone dramatic population fluctuations over the past two centuries with
humans being the most significant source of mortality (Buehler 2000). Concerns about
the bald eagle resulted in its protection in 1967 under the predecessor to the current
Endangered Species Act (ESA). The eagle was one of the original species protected by
the ESA when it was enacted in 1973. The U.S. Fish and Wildlife Service (USFWS)
reclassified the eagle from endangered to threatened in 1995 in recognition of these
improvements and later proposed to remove the bald eagle from the list of threatened and
endangered species. The USFWS has agreed to make a final decision on its delisting
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proposal by 29 June 2007 (USFWS 2007). On 30 June 2007, the bald eagle was removed
from the list of threatened and endangered species, but will continue to be protected by
the Bald and Golden Eagle Protection Act and the Migratory Bird Treaty Act. Both
federal laws prohibit "taking" -- killing, selling or otherwise harming eagles, their nests
or eggs (USFWS 2007).
In North America, numbers of breeding pairs have increased since the ban of
DDT and other organochlorine compounds in the early 1970s, but the recovery has not
been uniform. For eagle populations in the Great Lakes Basin, those in the western
portion, in Minnesota and Wisconsin, have the largest increase in numbers of breeding
pairs and fledglings produced and are the primary source of the recovery of the basin’s
eagle population (Bowerman et al. 1998, Roe 2004). Young breeding adults moving into
unoccupied Great Lakes shoreline habitat, over time accumulate a sufficient contaminant
load so as to impair reproduction. Therefore, eagles nesting along the shorelines and
islands of the Great Lakes are still experiencing impairment of reproduction and are
considered a population “sink” (Bowerman et al. 1998, Roe 2004).

Bald Eagles as Indicators
A bioindicator can be defined as a species used to monitor the health of the
environment or ecosystem (BioBasics 2006). Raptors, such as the bald eagle are
especially susceptible to the effects of environmental contaminants in a food chain. As
tertiary predators at the top of the Great Lakes food web, bald eagles are a good indicator
of the effects of bioaccumulative compounds. Feeding mainly on fish, bald eagles are at
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risk to high concentrations of methylmercury (MeHg) which biomagnifies in their prey.
Eagles have been quantified since the early 1960s throughout the Great Lakes’ basin
using aerial breeding surveys (Bowerman et al. 2002).
The International Joint Commission developed a set of criteria for a General
Objective of Ecosystem Quality that have been adopted for use in designating a
ecosystem monitor species (International Joint Commission 1984). These criteria were 1)
be indigenous and maintain itself through natural reproduction; 2) interact directly with
many components of its ecosystem; 3) have well documented and quantified niche
dimensions 4) exhibit a gradual response to a variety of human induced stresses; 5) serve
as a diagnostic tool for specific stresses of many sorts; 6) respond to stresses in a manner
that is both identifiable and quantifiable; 7) be a suitable species for laboratory
investigations; 8) be generally recognized as important to humans; and 9) serve to
indicate aspects of the ecosystem quality other than those represented by presently
accepted parameters.(International Joint Commission 1984).
The eagle has been proposed by the International Joint Commission as the
primary avian species to serve as a biosentinel of Great Lakes’ water quality
(International Joint Commission 1991, 1992). The primary reason for using the bald eagle
as a biosentinel species is its well known life history, the ability to measure reproductive
outcome accurately, the long term database of reproductive outcomes and concentrations
of environmental contaminants, and its high visibility and appeal to humans (Harris et al.
2007). The bald eagle is one of the few avian species that one can get an actual ‘measure’
of their populations, rather than an ‘index’ of the population. As a symbol of
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environmental quality, using the bald eagle as a sentinel species is not only accepted by
the public, but also allows them to understand the problem of environmental pollution of
the ecosystem (Bowerman et al. 2002).

Mercury as a Contaminant
Hg concentrations in many regions of the globe have increased as a result of
industrial activities. Most of the Hg released into the environment is inorganic, but a
small fraction is converted by bacteria to MeHg, a toxic organic compound. MeHg
bioaccumulates through aquatic food webs so effectively that the primary exposure
pathway for MeHg in humans and wildlife species is through fish consumption (Harris et
al. 2007).
There are many sources of Hg to the environment, both natural and
anthropogenic. Natural sources include volcanoes, and natural mercury deposits.
Anthropogenic Hg emissions to the atmosphere originate from a variety of sources
including coal combustion, waste incineration, chlor-alkali facilities, and other industrial
and mining processes (Harris et al. 2007). In the environment, mercury is transformed
into methylmercury when the oxidized, or mercuric species (Hg2+), gains a methyl group
(CH3). A variety of microorganisms, particularly methane-producing and sulfatedependant bacteria are thought to be involved in the conversion of Hg2+ to MeHg under
anaerobic conditions. Methylation occurs primarily in aquatic, acidic environments with
high concentrations of organic matter (Environment Canada 2004). The methylation of
Hg is primarily a natural, biological process resulting in the production of highly toxic
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methylmercury compounds (MeHg) that increase in concentration up the food chain
(Environment Canada 2004).
Raptors, including the bald eagle, are especially susceptible to the effects of
environmental contaminants that are biomagnified in a food chain. Hg can cause
neuropathology resulting in changes in behavior, which may disrupt foraging and
reproduction and result in poor breeding success (Jagoe et al. 2002). Hg concentrations
in eggs are associated with impaired hatchability and embryonic mortality in a number of
bird species (Wiener et al. 2003, Scheuhammer et al. 2007).
There have been numerous studies on the detrimental effects of Hg on different
avian species. Reproductive failure and altered nesting behavior have been documented
in common loons, (Gavia immer, Barr 1986) and laboratory feeding studies have shown
acute lethality, neurotoxicity, and altered nesting behavior related to Hg concentrations in
food for the goshawk, (Accipiter gentiles, Borg et al. 1970) and red-tailed hawk (Buteo
jamaicensis, Fimreite and Karstad 1971). In a field study with common loons, adult
loons in high-risk territories for Hg, left eggs unattended 14% of the time, compared with
1% in lower-risk territories (Thompson 1996). In wild birds, environmental MeHg
exposure may be associated with a higher potential for infection by disease organisms
(Scheuhammer et al. 2007).
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Use of Stable Isotopes
Stable isotope measurements are used in many studies of avian ecology to
describe major flow pathways of organic matter in food webs, to follow animal
movements and migrations from one food web to another, and to show variations in
feeding strategies among individuals (DeNiro and Epstein 1981, Fry 1999). The isotope
values measured in feathers represent the diet ingested by the individual during the period
when the feathers were grown (Mizutani et al. 1992).
Carbon isotope ratios (C12 / C13) in feathers are also analyzed to determine if a
bird’s diet consists of terrestrial or aquatic food sources. Carbon ratios show relatively
little to no enrichment with increases in trophic position (Post 2002, Roe 2004).
Therefore they often indicate the dietary sources of primary consumer bases upon
differential fractionation occurring within plant species (Peterson and Fry 1987, Gannes
et al. 1998, Harding and Stevens 2001, Roe 2004). The

13

C values found in the bald

eagle feathers can be used to indicate the type of photosynthesis (C3, C4), or flow of
energy, the primary producer utilized at the base of the consumer’s food web. Carbon
fractionation in C3 plants results in

13

C values of -34 to -24 o/oo, while photosynthesis

by C4 plants leads to lesser carbon fractionation with

13

C values ranging from -19 to -6

o

/oo (DeNiro and Epstein 1978, Peterson and Fry 1987, Gannes et al. 1998). Variation in

the stable isotope composition and Hg content of feather samples may provide insights
into possible Hg exposure routes and sources.
Another application of

13

C values that may be useful is the differentiation

between different sources of primary producers in lakes. In large lakes, the two major
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sources of primary producers are littoral (near shore) production from attached algae and
detritus, and pelagic (open water) production from phytoplankton (Post 2002, Roe 2004).
The

13

C values at the base of the littoral food web tend to be enriched in

13

C relative to

the base of the pelagic food web (France 1995, Post 2002, Roe 2004).
Nitrogen isotope ratios (N14 / N15) can help distinguish between the trophic level
of the prey item that the bald eagles are feeding on. The heavier isotope of nitrogen (N15)
increases from prey to predator due to the preferential excretion of the lighter isotope
(N14) through metabolic processes (Gaebler et al. 1966, Kidd et al. 1995). The range in
trophic feeding was derived from previous avian studies where it was determined that an
approximate

15

N trophic enrichment of 2.4 – 3.4 o/oo occurred with each higher trophic

feeding level (Hobson et al. 1994). Nitrogen isotopes reflect protein reprocessing within
an individual and thus allow for the assessment of trophic relationships among species
(Peterson and Fry 1987, Gannes et al. 1998, Harding and Stevens 2001, Roe 2004).
Correlated changes in the stable isotope composition and Hg content of feather samples
may provide insights into possible Hg exposure routes and sources while correlated
changes along the length of a feather may provide information about how food resources
vary over the time period of feather growth.

Michigan Biosentinel Program
In 1999, the Michigan Department of Environmental Quality (MDEQ)
implemented a long-term bald eagle monitoring program assessing the spatial and
temporal trends of several bioaccumualtive compounds of concern, including mercury.
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The state has been divided into major watershed basins, with 20% of these watersheds
scheduled for sampling annually. This will allow the entire state to be sampled every five
years. The monitoring program allowed for contaminant assessment at five geographic
scales: the entire state; by nest category; by sub-populations; Great Lakes watersheds,
and, at individual watersheds (Roe 2004). Nestling blood and feather samples are
collected from within the designated watersheds each year. The five-year sampling
procedure is consistent with the sampling procedures of other monitoring projects that are
also collected within the designated watersheds under the National Pollutant Discharge
Elimination System (NPDES) permitting process (MDEQ 1997, Roe 2004). Analyzing
multiple contaminant concentrations, including mercury, over a long period of time
allows for a thorough evaluation of the health of the Great Lakes ecosystem and the bald
eagle.

Research Objectives
The effects of and movement of Hg in aquatic food webs to bald eagles was
studied in three inter-related research projects. Our overall objectives were to determine:
if Hg affected bald eagle reproduction; how Hg moved through aquatic food webs; if
there were geographic differences in Hg exposure; and if, current methods of analyzing
Hg in feathers were effective. The three projects were conducted using feathers collected
from nestling and adult bald eagles from the Lower (LP) and Upper (UP) peninsulas of
Michigan and Voyageurs National Park (VNP), Minnesota. With the results, proper
procedures for examining feathers for contaminants can be established and knowledge
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about the status of the bald eagles in the three locations can be obtained, helping with
management and conservation of the species.
The overall objective of the first chapter “Variations in Concentration of Mercury
and Stable Isotopes among Sections of Adult Bald Eagle Feathers” was to evaluate if
there were significant differences in Hg concentrations among various parts of the feather
from different locations. Specifically the objectives were:
1)

Determine if there were significant differences in Hg concentrations and
stable isotopes between the webbing and the rachis of individual feathers.

2)

Determine if there were significant differences in Hg and stable isotope
concentrations among five 4-cm-sections of a feather from tip to base.

3)

Determine if there were significant differences in Hg or stable isotopes in
feathers among three geographic locations: LP; UP; and, VNP.

4)

Determine if there are any relationships between Hg and stable isotope
concentrations.

The overall objective of the second chapter “Mercury and Stable Isotope
Concentrations in Nestling Bald Eagles at Voyageurs National Park” was to evaluate if
there were significant differences in Hg concentrations among bald eagles feeding on
different prey, primarily bird-consumers or fish-consumers. Correlated changes in the
stable isotope composition and Hg content of feather samples may provide insights into
possible Hg exposure routes and sources and can help assist in management plans,
decisions, and regulations affecting the health of the local ecosystem.
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Specifically the objectives were:
1) Determine if there were significant differences in Hg and stable isotope
concentrations among three lakes at VNP.
2) Determine if there were significant differences in Hg and stable isotope
concentrations between eagles feeding primarily on birds and eagles feeding
primarily on fish.
3) Determine if relationships exist among Hg and stable isotope concentrations.

The overall objective of the third chapter “Spatial and Temporal Mercury Trends in
Nestling Bald Eagles in Michigan” was to evaluate the Hg concentrations from nestling
breast feathers from 1999 to 2003 in the Great Lakes region and to evaluate the ability of
the Michigan bald eagle biosentinel sampling method to detect trends of contaminants in
Michigan (Roe 2004). Specifically the objectives were:
1) Determine if significant differences in Hg concentrations exist in feathers between
genders.
2) Determine if there were significant differences in Hg concentrations in feathers
among years of sampling (1999 and 2003).
3) Determine if there were significant differences in Hg concentrations in feathers
among subunits at three geographic scales (category, subpopulation, Great Lakes
watershed).
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4) Determine if there is a relationship between productivity or reproductive success,
and Hg concentrations in feathers among geographic scales temporally and
spatially.
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CHAPTER 1
VARIATIONS IN CONCENTRATION OF MERCURY AND STABLE ISOTOPES
AMONG SECTIONS OF ADULT BALD EAGLE FEATHERS
Introduction
Bald Eagle
The bald eagle (Haliaeetus leucocephalus) is one of the most studied birds of
North America, and a great amount of life history information, including the response of
various stressors on the eagle’s ability to reproduce, is well known (Bowerman et al.
2002). The bald eagle is a large bird of prey and an opportunistic forager, feeding on a
variety of mammalian, avian, and reptilian prey, but generally prefers fish over other food
types (Buehler 2000). Bald eagles are associated with aquatic habitats (coastal areas,
rivers, lakes, and reservoirs) with forested shorelines or cliffs in North America.
Estimates of territory size vary widely based on nesting density, food supply, and method
of measurement (Buehler 2000). Bald eagles typically have one to three eggs per clutch
with a mean clutch size of 1.87 (Stalmaster 1987) and both sexes assist in parental care.
As long-lived predators, bald eagles may accumulate harmful concentrations of
pollutants such as mercury (Hg), which may impact populations of this species. The bald
eagle has undergone dramatic population fluctuations over the past two centuries with
humans being the most significant source of mortality (Buehler 2000). Concerns about
the bald eagle resulted in its protection in 1967 under the predecessor to the current
Endangered Species Act (ESA). The eagle was one of the original species protected by
the ESA when it was enacted in 1973. The U.S. Fish and Wildlife Service (USFWS)
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reclassified the eagle from endangered to threatened in 1995 in recognition of these
improvements and later proposed to remove the bald eagle from the list of threatened and
endangered species. The USFWS has agreed to make a final decision on its delisting
proposal by 29 June 2007 (USFWS 2007). On 30 June 2007, the bald eagle was removed
from the list of threatened and endangered species, but will continue to be protected by
the Bald and Golden Eagle Protection Act and the Migratory Bird Treaty Act. Both
federal laws prohibit "taking" -- killing, selling or otherwise harming eagles, their nests
or eggs (USFWS 2007).
In North America, numbers of breeding pairs have increased since the ban of
DDT and other organochlorine compounds in the early 1970s, but the recovery has not
been uniform. For eagle populations in the Great Lakes Basin, those in the western
portion, in Minnesota and Wisconsin, have the largest increase in numbers of breeding
pairs and fledglings produced and are the primary source of the recovery of the basin’s
eagle population (Bowerman et al. 1998, Roe 2004). Young breeding adults moving into
unoccupied Great Lakes shoreline habitat, over time accumulate a sufficient contaminant
load so as to impair reproduction. Therefore, eagles nesting along the shorelines and
islands of the Great Lakes are still experiencing impairment of reproduction and are
considered a population “sink” (Bowerman et al. 1998, Roe 2004).

Mercury
Hg concentrations in many regions of the globe have increased as a result of
industrial activities. Most of the Hg released into the environment is inorganic, but a
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small fraction is converted by bacteria to methylmercury (MeHg), a toxic organic
compound. MeHg bioaccumulates through aquatic food webs so effectively that the
primary exposure pathway for MeHg in humans and wildlife species is through fish
consumption (Harris et al. 2007).
There are many sources of Hg to the environment, both natural and
anthropogenic. Natural sources include volcanoes, and natural mercury deposits.
Anthropogenic Hg emissions to the atmosphere originate from a variety of sources
including coal combustion, waste incineration, chlor-alkali facilities, and other industrial
and mining processes (Harris et al. 2007). In the environment, mercury is transformed
into methylmercury when the oxidized, or mercuric species (Hg2+), gains a methyl group
(CH3). A variety of microorganisms, particularly methane-producing and sulfatedependant bacteria are thought to be involved in the conversion of Hg2+ to MeHg under
anaerobic conditions. Methylation occurs primarily in aquatic, acidic environments with
high concentrations of organic matter (Environment Canada). The methylation of Hg2+ is
primarily a natural, biological process resulting in the production of highly toxic
methylmercury compounds (MeHg+) that increase in concentration up the food chain
(Environment Canada).
Raptors, including the bald eagle, are especially susceptible to the effects of
environmental contaminants that are biomagnified in a food chain. Hg can cause
neuropathology resulting in changes in behavior, which may disrupt foraging and
reproduction and result in poor breeding success (Jagoe et al. 2002). Hg concentrations
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in eggs are associated with impaired hatchability and embryonic mortality in a number of
bird species (Wiener et al. 2003, Scheuhammer et al. 2007).
There have been numerous studies on the detrimental effects of Hg on different
avian species. Reproductive failure and altered nesting behavior have been documented
in common loons, (Gavia immer, Barr 1986) and laboratory feeding studies have shown
acute lethality, neurotoxicity, and altered nesting behavior related to Hg concentrations in
food for the goshawk, (Accipiter gentiles, Borg et al. 1970) and red-tailed hawk (Buteo
jamaicensis, Fimreite and Karstad 1971). In a field study with common loons, adult
loons in high-risk territories for Hg, left eggs unattended 14% of the time, compared with
1% in lower-risk territories (Thompson 1996). In wild birds, environmental MeHg
exposure may be associated with a higher potential for infection by disease organisms
(Scheuhammer et al. 2007).
Hg concentrations in feathers of bald eagles have been previously documented in
the Great Lakes region (Bowerman et al. 1994). Atmospheric deposition is widely
considered to be the primary source of Hg accumulating as MeHg in fish inhabiting lakes
of the north-central United States (Sorensen et al. 1990). Hg concentrations were
considered to be elevated in bald eagle feathers from Michigan, and a number of
recommendations were made to assess the widespread Hg contamination problem due to
aerially transported Hg loadings (Evans 1993).
The use of feathers to monitor environmental exposure of birds to heavy metals is
a common method (Westermark et al. 1975, Buhler and Norheim 1982, Bruane and
Gaskin 1987, Bowerman et al. 1994). Feathers, almost entirely made of pure protein, are
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a reliable indicator of protein intake in the diet. Adult feathers are molted a few at a time
during the nesting season, with the larger flight and tail feathers frequently molted in
pairs (McCollough et al. 1986). Hg is excreted via growing feathers, and once bound to
the feather keratin molecule, is relatively physically and chemically stable, being resistant
to a variety of rigorous treatments (Appelquist et al 1984, Thompson et al. 1998). For Hg
in birds, about 70% (Honda et al. 1986, Harris et al. 2007) to 93% (Braune and Gaskin
1987, Harris et al. 2007) of the body burden is in feathers, and greater than 95% of the
Hg in feathers is MeHg (Thompson and Furness 1989, Harris et al. 2007).
When working with any species, especially endangered or threatened species,
non-invasive techniques, such as feather sampling are an efficient way to obtain valuable
information, without putting extra burdens on the species. Because feathers are stable,
and do not break down over time, they can be archived for later analysis, providing the
opportunity to analyze temporal trends using the same instrumentation (Berg et al. 1996,
Walsh 1990, Thompson et al. 1992, Harris et al. 2007).

Stable Isotopes
Stable isotope measurements are used in many studies of avian ecology to
describe major flow pathways of organic matter in food webs, to follow animal
movements and migrations from one food web to another, and to show variations in
feeding strategies among individuals (DeNiro and Epstein 1981, Fry 1999). The isotope
values measured in feathers represent the diet ingested by the individual during the period
when the feathers were grown (Mizutani et al. 1992).
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Carbon isotope ratios (C12 / C13) in feathers are also analyzed to determine if a
bird’s diet consists of terrestrial or aquatic food sources. Carbon ratios show relatively
little to no enrichment with increases in trophic position (Post 2002, Roe 2004).
Therefore they often indicate the dietary sources of primary consumer bases upon
differential fractionation occurring within plant species (Peterson and Fry 1987, Gannes
et al. 1998, Harding and Stevens 2001, Roe 2004). The

13

C values found in the bald

eagle feathers can be used to indicate the type of photosynthesis (C3, C4), or flow of
energy, the primary producer utilized at the base of the consumer’s food web. Carbon
fractionation in C3 plants results in

13

C values of -34 to -24 o/oo, while photosynthesis

by C4 plants leads to lesser carbon fractionation with

13

C values ranging from -19 to -6

o

/oo (DeNiro and Epstein 1978, Peterson and Fry 1987, Gannes et al. 1998). Variation in

the stable isotope composition and Hg content of feather samples may provide insights
into possible Hg exposure routes and sources.
Another application of

13

C values that may be useful is the differentiation

between different sources of primary producers in lakes. In large lakes, the two major
sources of primary producers are littoral (near shore) production from attached algae and
detritus, and pelagic (open water) production from phytoplankton (Post 2002, Roe 2004).
The

13

C values at the base of the littoral food web tend to be enriched in

13

C relative to

the base of the pelagic food web (France 1995, Post 2002, Roe 2004).
Nitrogen isotope ratios (N14 / N15) can help distinguish between the trophic level
of the prey item upon which the bald eagles are feeding. The heavier isotope of nitrogen
(N15) increases from prey to predator due to the preferential excretion of the lighter
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isotope (N14) through metabolic processes (Gaebler et al. 1966, Kidd et al. 1995). The
range in trophic feeding was derived from previous avian studies where it was
determined that an approximate

15

N trophic enrichment of 2.4 – 3.4 o/oo occurred with

each higher trophic feeding level (Hobson et al. 1994). Nitrogen isotopes reflect protein
reprocessing within an individual and thus allow for the assessment of trophic
relationships among species (Peterson and Fry 1987, Gannes et al. 1998, Harding and
Stevens 2001, Roe 2004). Correlated changes in the stable isotope composition and Hg
content of feather samples may provide insights into possible Hg exposure routes and
sources while correlated changes along the length of a feather may provide information
about how food resources vary over the time period of feather growth.

Objectives
The overall objective of this study was to evaluate if there were significant
differences in Hg concentrations between various parts of the feather from different
geographic locations. Specifically the objectives were to determine if there are
differences in concentrations of Hg and stable isotopes (

13

C,

15

N) in adult bald eagle

feathers: 1. between the webbing and the rachis; 2. among five, 4-cm-sections of a feather
from tip to base; 3. among three geographic locations in the Great Lakes region (UP, LP,
VNP); and, 4. to determine if correlations exist among and between Hg, and
15

13

C and/or

N isotope ratios. The results of this study will guide future research in use of feathers

for Hg and stable isotope food web studies.
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Methods
Study Area
We studied mercury concentrations in feathers of adult bald eagles from nests
located in three areas of the Midwestern United States: the Lower Peninsula (LP) and the
Upper Peninsula (UP) of Michigan; and, Voyageurs National Park (VNP) in northern
Minnesota (Figure 1).

Feather Collection
Twenty adult bald eagle feathers were collected from within and under 20 nests
total from the LP, UP and VNP in 2003 and 2004. Adult eagles molt their flight and body
feathers during May and June in our study area. These large feathers are typically found
near nest sites where they are collected during normal banding activities.

Feather Preparation
Each feather was placed in a labeled Ziploc® bag containing the detergent
Citranox®, agitated, and then washed with deoxygenated water. It was then placed in a
freezer for 1 h, followed by placement in a freeze-dryer overnight to remove moisture.
The feather was measured from the tip down to 20 cm, and a diagonal cut was made to
the feather to ensure that the corresponding web material for that 20 cm was collected.
The feather section was further divided into five sections of four centimeters each. For
each section, the rachis was separated from the webbing, using scissors and each part was
weighed separately. Each sample was cut into smaller pieces and ground in a Cryo-
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Figure 1. We collected adult bald eagle feathers from three areas of the midwestern
United States. These areas are the Upper (UP) and Lower (LP) peninsulas of Michigan,
and Voyageurs National Park Minnesota (VNP).
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grinder for 3 min with liquid nitrogen. Once ground, the samples were ready for mercury
and stable isotope analysis.

Mercury Analysis
Approximately 4 mg of feather was analyzed for total mercury following EPA
method 7473, using a DMA80 Direct Mercury Analyzer (Milestone, Inc, Monroe,
Connecticut, USA). This method utilizes thermal decomposition, gold amalgamation,
with cold vapor atomic absorption detection. Each batch of five to ten samples included a
certified reference material of known Hg concentration (Dorm-2 (dogfish (Squalus
acanthias) muscle) or Tort-2 (lobster (Homarus americanus) hepatopancreas), National
Research Council of Canada, Ottawa, Canada), along with a blank and a sample replicate.

Stable Isotope Analysis
All isotopic measurements were performed at the Department of Geology and
Savannah River Ecology Laboratory, University of Georgia, Aiken, South Carolina.
Feather samples were cut and homogenized by grinding with liquid nitrogen.
Approximately 1.0 to 1.5 mg of ground feather was loaded into pre-cleaned and weighted
tin capsules to be weighed on an ultra-microbalance. Capsules were then sealed and
placed in the autosampler of a Carlo Erba Elemental Analyzer NA 2500, and attached to
a continuous flow isotope ratio mass spectrometer for carbon and nitrogen isotope
analysis. Samples were converted to CO2 and N2 in oxidation/reduction furnaces,
separated by gas chromatography, and then measured for C13/C12 and N15/N14 ratios on
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the mass spectrometer. An internal N2 working standard was admitted before the
introduction of each sample and a CO2 standard was admitted at the conclusion of each
combustion for calibration to AIR (nitrogen) and Pee Dee belemnite carbon international
standards. Stable isotope ratios are reported in per mil units by using standard delta ( )
notation (Craig 1957, Roe 2004). External working standards of DORM-2 and TORT-2
were reproducible to better than +/- 0.2 % for both C13 and N15 (Graves et al. 2002, Roe
2004).

Statistical Analysis
Statistical analyses were performed using the Statistical Analysis System, SAS
9.1 statistical package (SAS Institute Inc. 2002). Mean concentrations of Hg, 15N, and
13C by feather part, feather section, and geographic location were analyzed using
ANOVA and LSD. Simple Linear Regression was used to analyze relationships between
Hg concentrations and either 15N or 13C concentrations by feather part, feather
section, and geographic location. Multiple Regression was used to analyze relationships
between Hg and the combination of 15N and 13C concentrations by feather part,
feather section, and geographic location.
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Results
Mercury
Parts (rachis and webbing) and sections (1 to 5; Table 1) of adult bald eagle
feathers from three different geographic locations (UP, LP, VNP; Table 2) were analyzed
for Hg concentrations. There was a significant difference between the concentrations of
Hg in rachis and webbing in the feathers (F= 12.03, df = 1, P = < 0.01), with the webbing
(mean = 28.12 +/- 0.34) having greater concentrations of Hg than the rachis (mean =
26.72 +/- 0.37) (Figure 2). There were significant differences, (F= 2.21, df = 4, P = 0.07)
among the Hg concentrations in the five sections of the feather with the rachis and
webbing combined. There were also significant differences between Hg concentrations
within sections of the feather when the rachis and webbing were separated (F= 11.52, df
= 4, P <0.01) (Table 1). There was a significant difference, (F= 528.28, df = 2, P <0.01)
between the three locations, with VNP (mean = 39.09 +/- 0.45) having greater Hg
concentrations than the UP (mean = 21.21 +/- 0.39) and the LP (mean = 21.93 +/- 0.46)
(Figure 3). There were no significant differences between the LP and the UP.
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Table 1. Mean concentrations and standard deviations of Hg, 13C, 15N for webbing,
rachis, webbing/rachis combined, and by sections (1 = top 4 cm (tip), 5 = bottom 4 cm)
for five 4 cm sections of adult bald eagle feathers collected from Upper (UP) and Lower
(LP) peninsulas in Michigan, and Voyageurs National Park, Minnesota (VNP).
Section
1

Part
Rachis
Webbing
Combined

2

Rachis
Webbing
Combined

3

Rachis
Webbing
Combined

4

Rachis
Webbing
Combined

5

Rachis
Webbing
Combined

Hg (ppm)
30.34 A
(0.92)
26.27 CD
(0.79)
28.35 A
(0.61)
28.62 AB
(0.84)
27.83 BC
(0.72)
28.23 A
(0.55)
26.27 CD
(0.79)
28.51 AB
(0.70)
27.38 AB
(0.53)
23.73 E
(0.77)
28.17 ABC
(0.72)
25.94 B
(0.53)
24.53 DE
(0.77)
29.75 AB
(0.78)
27.14 AB
(0.56)
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C (o/oo)
-21.89 A
(0.55)
-22.84 A
(0.48)
-22.36 A
(0.37)
-22.33 A
(0.51)
-22.52 A
(0.44)
-22.42 A
(0.34)
-22.33 A
(0.48)
-21.77 A
(0.43)
-22.05 A
(0.32)
-22.10 A
(0.47)
-22.24 A
(0.44)
-22.17 A
(0.33)
-22.19 A
(0.47)
-22.17 A
(0.47)
-22.17 A
(0.34)

15

N (o/oo)
11.80 AB
(0.30)
12.45 A
(0.26)
12.12 A
(0.20)
12.15 A
(0.27)
12.05 A
(0.24)
12.09 A
(0.18)
11.92 AB
(0.26)
11.83 AB
(0.23)
11.87 A
(0.18)
11.89 AB
(0.26)
11.79 AB
(0.24)
11.84 A
(0.18)
11.34 B
(0.26)
11.88 AB
(0.26)
11.61 A
(0.18)

Table 2. Mean concentrations and standard deviation of Hg, 13C, 15N for three
geographic locations: Upper (UP) and Lower (LP) peninsulas in Michigan, and
Voyageurs National Park, Minnesota (VNP) for adult bald eagle feathers by webbing,
rachis, and webbing/rachis combined.
Location
UP

Part
Rachis
Webbing
Combined

LP

Rachis
Webbing
Combined

VNP

Rachis
Webbing
Combined

Hg (ppm)
20.85 C
(0.56)
21.57 C
(0.54)
21.20 B
(0.39)
21.73 C
(0.68)
22.14 C
(0.60)
21.93 B
(0.46)
37.57 B
(0.65)
40.61 A
(0.60)
39.08 A
(0.45)
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13

C (o/oo)
-20.09 A
(0.34)
-20.54 A
(0.33)
-20.31 A
(0.24)
-22.37 B
(0.41)
-22.37 B
(0.37)
-22.37 B
(0.28)
-24.04 C
(0.40)
-24.01 C
(0.37)
-24.02 C
(0.27)

15

N (o/oo)
10.62 C
(0.19)
10.99 C
(0.18)
10.81 C
(0.13)
12.90 A
(0.23)
12.92 A
(0.20)
12.91 A
(0.15)
11.95 B
(0.22)
12.08 B
(0.20)
12.01 B
(0.15)

29.5

Hg/kg (ppm)

29

28.5

Rachis
Webbing
28

27.5

27
Feather Part

Figure 2. Mean Hg concentrations from the webbing and the rachis of adult bald eagle
feathers from the Upper (UP) and Lower (LP) peninsulas of Michigan and Voyageurs
National Park, Minnesota (VNP) were significantly different (F= 12.03, df = 1, P =
0.0007).
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Figure 3. Mean Hg concentrations in adult bald eagle feathers from Voyageurs National
Park, Minnesota (VNP)were significantly greater (F= 528.28, df = 2, P<0.0001) than
those from the Upper (UP) and Lower (LP) peninsulas of Michigan.
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Stable Isotopes
Parts (rachis and webbing) and sections (1 to 5; Table 1) of adult bald eagle
feathers from three different geographic locations (UP, LP, VNP; Table 2) were analyzed
for

13

15

C and

N concentrations. There was no significant difference between the rachis

and webbing in

13

C (F= 0.21, df= 1, P=0.65) or

15

N (F= 1.25, df =1, P=0.26). There

were no significant differences among the five sections of the feather for
df = 4, P=0.86) or

15

15

C (F= 0.33,

N (F= 1.11, df= 4, P=0.36) when the webbing and rachis are

combined. There was no significant difference between the
P=0.52) or

13

13

C (F= 0.81, df = 4,

N (F= 1.17, df = 4, P=0.33) for the sections of the feather when the

webbing and rachis were separated. There were significant differences between all three
locations for

15

N (F= 39.73, df=2, P<0.01) (Figure 4) and

13

C (F= 50.76, df= 2,

P<0.01) (Figure 5) when the webbing and rachis are combined.

Mercury and Stable Isotope Relationships
There were no relationships observed between Hg and

13

C or

15

N with all the

parts, sections, and locations of the feathers combined. There was a negative relationship
between

13

C and

15

N concentrations (r = -0.55, df = 124, P= <0.01) (Table 3).
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Figure 4. Mean concentrations of 15N in adult bald eagle feathers. There were significant
differences of 15N (F= 39.73, df=2, P<0.0001) concentrations among feathers from the
Upper (UP) and Lower (LP) peninsulas of Michigan and Voyageurs National Park,
Minnesota (VNP).
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Figure 5. Mean concentrations of 13C in adult bald eagle feathers. There were significant
differences of 13C (F= 50.76, df= 2, P<0.0001) concentrations among feathers from the
Upper (UP) and Lower (LP) peninsulas of Michigan and Voyageurs National Park,
Minnesota (VNP).
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Table 3. Relationships between Hg, 13C, and 15N concentrations from adult bald eagle
feathers from three geographic locations: Upper (UP) and Lower (LP) peninsulas in
Michigan, and Voyageurs National Park, Minnesota (VNP).
Comparison

r -value

P- value

Hg and

15

N

0.06

0.49

Hg and

13

C

-0.01

0.90

15

-0.55

13

C and

N

<0.0001
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Discussion
Mercury
MeHg exposures can cause significant behavioral, physiological, immunological,
neurochemical, reproductive, and histological changes in wildlife (Scheuhammer et al.
2007). Environmental Hg contamination results in degradation of Hg-sensitive aquatic
ecosystems, because inorganic Hg is methylated, rapidly enters the food web and
biomagnifies to potentially toxic concentrations in fish and their predators (Scheuhammer
et al. 2007). In general, regions that receive relatively high atmospheric Hg loadings in
which Hg methylation rates in water bodies are relatively high (e.g. low alkalinity, low
pH lakes, surface waters with large upstream or adjoining wetlands; waters with
adjoining or upstream terrestrial areas subjected to flooding and dark water lakes and
streams) pose the greatest risk for piscivorous wildlife, because the trophic transfer of Hg
is high and fish accumulate the greatest concentrations of Hg (Wiener et al. 2003, Chen et
al. 2005, Scheuhammer et al. 1994)
When examining Hg in feathers, using the same feather part may decrease
variability in concentrations and is necessary when comparing concentrations among
studies. Since there is a significantly higher mercury concentration in the webbing of the
feather in comparison to the rachis, it is important to use a combination of both the
webbing and the rachis when making a cut from the feather rather than just a single part.
If only one part of the feather is used for Hg analysis, the results may not depict the true
Hg concentration for the entire feather. Variation of mercury, among other heavy metals
was studied within and among feathers of birds of prey including sparrowhawks
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(Accipiter nisus), little owls (Athene noctua), and barn owls (Tyto alba). Mercury
concentrations in the webbing were about 1.2 times greater than in the rachis (Dauwe et
al. 2003). These findings compliment the findings in our study.
The sections of the feathers had significant differences between the five sections
from the tip to the base when the rachis and webbing were combined and separated. In a
previous study, mercury concentrations did not differ significantly among feather
segments (Dauwe et al. 2003). For almost all metals, concentrations were not
homogeneously distributed and were significantly greater in segments of the feather most
exposed to external conditions (Dauwe et al. 2003). However, mercury was a metal that
did not follow this result. The results of our study show that it may matter which feather
section, from tip to base. The slightly greater Hg concentrations in the first two sections
of the tip of the feather may be due to the eagle’s body reacting to Hg contamination by
attempting to purge the Hg far from the body.
Among the three locations where feathers were collected, Hg concentrations from
feathers at VNP were significantly greater in Hg compared to the other two sites. Hg
concentrations in northern pike (Esox lucius) from VNP, a major food source for bald
eagles, exceeded state and federal criteria for protecting humans who eat noncommercial
fish (Knights et al. 2005). The elevated concentrations of Hg we observed in bald eagle
feathers may have multiple causes including water level fluctuations, primary prey
selection, local factors related to methylation, or differences in individual behavior. In a
report on changes in reservoir management and Hg accumulation in fish in VNP, greater
Hg variations were found in lakes affected by VNP dams than for other lakes in the study
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not affected by the dams (Sorensen et al. 2005). The physical processes that change from
year to year directly influence Hg methylation and bioaccumulation (Sorenson et al.
2005). A strong correlation (r2 > 0.9) was found between Hg concentration in young of
year yellow perch (Perca flavescans) and maximum water levels (Sorenson et al. 2005).
There are many other factors that could explain the significantly greater Hg
concentrations in VNP in comparison to the other two locations including availability of
MeHg in the ecosystem, differences in individual prey species growth rate, age, and
trophic position (Kidd et al. 1995), buffering capacity of soils, differences in atmospheric
composition rates, and differences in methylation rates. Due to the evident influence of
dams at VNP and not at the UP and LP of Michigan, the increased microbial activity
from the dams may be responsible for the increased methylation of Hg and greater
concentrations at VNP.

Stable Isotopes
No significant difference was found between the rachis and webbing or between
the five sections of the feathers for

13

C and

15

N when the rachis and webbing were

combined or when they were separated. This evidence suggests that it may not matter
whether the webbing or rachis is tested or which section of the feather is used in testing
for these isotopes in future studies.
The significant differences among the three locations of

13

C and

15

N isotope

values may be due to numerous variables. Since carbon isotope ratios refer to exactly
how much carbon is in the food source of the bald eagles, this could suggest that among
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the three locations, the bald eagles are feeding on different small mammals, fish, and
other items.
The

13

C values found in the bald eagle feathers can be used to indicate the type

of photosynthesis the primary producer utilized at the base of the consumer’s food web.
The range for

13

C for the entire data set with all parts, sections, and locations was (-

26.73 to -15.13 o/oo). The range for

13

C showed a wide range of results from all three

locations. A previous study analyzing Michigan nestling eagle breast feathers found a
13

C range that encompassed our results (-28.43 to -14.89 o/oo) (Roe 2004). The

13

C

values in this previous study and our current study indicate that prey species from our
three locations use different photosynthetic pathways.
The nitrogen isotope ratios can help distinguish between the trophic level of the
prey item the bald eagles are feeding on. The food source for the three locations could
differ depending on what prey is available at the time or in the specific area. The range
for

15

N for the entire data set with all parts, sections, and locations also showed a wide

range of results from all three locations. The UP has a lower trophic range than the LP
and VNP, which may suggest that the bald eagles in the geographic region feed less on
predatory fish, birds, and mammals, which are higher on the trophic scale. This may be
indicative of fewer choices of prey items and/or a shorter food chain.
A range in trophic level feeding is not uncommon for large avian predators, such
as bald eagles. Bald eagles are known to have opportunistic feeding habits within North
America (Dunstan and Harper 1975, Stalmaster 1987, Bowerman 1993, Brown et al.
1998, Gill and Elliot 2003, Roe 2004). They consume the prey that is readily abundant
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and easy to catch throughout the different seasons, within their territories, which include
herbivorous, omnivorous, and carnivorous fish, birds, and mammals (Kozie and
Anderson 1991, Bowerman 1993, Ewins and Andress 1995, Kaltenecker et al. 1998,
Grubb and Lopez 2000, Dominguez et al. 2003, Roe 2004).

Mercury and Stable Isotope Relationships
There was a significant correlation between
together. The relationship between

13

at the base of the food web, based on
bald eagle feeds on, based on

15

C and
13

15

13

C and

15

N for all the data pooled

N may suggest that the same plant species

C results, can predict which trophic level the

N results. If there is a strong relationship between the

two variables, than it may only be necessary to study one of the stable isotopes when
analyzing bald eagle feathers to predict the other stable isotope.
In a previous study analyzing Hg,

13

C, and

15

N concentrations from breast

feathers of nestling bald eagles in Michigan, there was a lack of significance between the
Hg concentration and the

15

N values. Low sample size was given as an explanation for

the lack of relationship between Hg and

15

N (Roe 2004). In our current study, we had a

larger number of samples, but still only from twenty adult bald eagle feathers, which also
may explain this lack of relationship. The lack of relationship between Hg and
15

13

C or

N suggests that the Hg concentrations for bald eagles are not affected by trophic levels

or sources of food, but is affected by the local ecosystem that each individual is exposed
to instead.
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In this study, prey remains were not collected when the adult bald eagle feathers
were collected so no prey preference was determined. However, in a companion study on
Hg,

13

C, and

15

N concentrations of VNP nestling breast feathers, there is data on the

primary prey eaten for each specific bird (see Chapter 3). Analyzing the prey eaten can
help to validate that

13

C and

15

N are correct and to determine if and how Hg is affected

by the mass and preference for different prey that are eaten.

Conclusion
We have analyzed adult bald eagle feathers from the UP, LP, and VNP for Hg,
13

C, and

15

N concentrations between parts and among sections of the feather and

between the three geographic locations. When analyzing feathers for Hg, a combination
of the webbing and rachis should be used instead of either part separately because the
webbing has significantly higher Hg concentrations. It also may matter which section of
the feather is analyzed from the tip to the base of the feather because there were
significant differences among sections when both the webbing and rachis are combined
and separated. There is a significantly greater Hg concentration in bald eagle feathers
analyzed from VNP compared with the feathers analyzed from the UP and LP in
Michigan, which may be due to a variety of ecological and environmental factors.
When analyzing feathers for stable isotope concentrations(

13

C,

15

N), it does not

matter which part, webbing or rachis, or which section of the feather, from tip to base, is
analyzed because there were no significant differences in

13

C or

15

N concentrations.

There are significant differences among the three locations, which may mean the bald
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eagles are feeding on different trophic levels and prey within each geographic region.
There is a strong relationship between
between Hg and

13

C and/or

15

13

C and

15

N in adult bald eagle feathers, but not

N. The lack of relationship between Hg and

13

C or

15

N

suggests that the Hg concentrations for bald eagles are not affected by trophic levels or
sources of food, but is affected by the local ecosystem that each individual is exposed to
instead. With our results, proper procedures for examining feathers for contaminants can
be established and knowledge about the status of the bald eagles in the three locations can
be obtained, assisting with future management and conservation of the species.
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CHAPTER 2
MERCURY AND STABLE ISOTOPE CONCENTRATIONS IN NESTLING BALD
EAGLES AT VOYAGEURS NATIONAL PARK
Introduction
Bald Eagle
The bald eagle (Haliaeetus leucocephalus) is one of the most studied birds of
North America, and a great amount of life history information, including the response of
various stressors on the eagle’s ability to reproduce, is well known (Bowerman et al.
2002). The bald eagle is a large bird of prey and an opportunistic forager, feeding on a
variety of mammalian, avian, and reptilian prey, but generally prefers fish over other food
types (Buehler 2000). Bald eagles are associated with aquatic habitats (coastal areas,
rivers, lakes, and reservoirs) with forested shorelines or cliffs in North America.
Estimates of territory size vary widely based on nesting density, food supply, and method
of measurement (Buehler 2000). Bald eagles typically have one to three eggs per clutch
with a mean clutch size of 1.87 (Stalmaster 1987) and both sexes assist in parental care.
As long-lived predators, bald eagles may accumulate harmful concentrations of
pollutants such as mercury (Hg), which may impact populations of this species. The bald
eagle has undergone dramatic population fluctuations over the past two centuries with
humans being the most significant source of mortality (Buehler 2000). Concerns about
the bald eagle resulted in its protection in 1967 under the predecessor to the current
Endangered Species Act (ESA). The eagle was one of the original species protected by
the ESA when it was enacted in 1973. The U.S. Fish and Wildlife Service (USFWS)
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reclassified the eagle from endangered to threatened in 1995 in recognition of these
improvements and later proposed to remove the bald eagle from the list of threatened and
endangered species. The USFWS has agreed to make a final decision on its delisting
proposal by 29 June 2007 (USFWS 2007). On 30 June 2007, the bald eagle was removed
from the list of threatened and endangered species, but will continue to be protected by
the Bald and Golden Eagle Protection Act and the Migratory Bird Treaty Act. Both
federal laws prohibit "taking" -- killing, selling or otherwise harming eagles, their nests
or eggs (USFWS 2007).
In North America, numbers of breeding pairs have increased since the ban of
DDT and other organochlorine compounds in the early 1970s, but the recovery has not
been uniform. For eagle populations in the Great Lakes Basin, those in the western
portion, in Minnesota and Wisconsin, have the largest increase in numbers of breeding
pairs and fledglings produced and are the primary source of the recovery of the basin’s
eagle population (Bowerman et al. 1998, Roe 2004). Young breeding adults moving into
unoccupied Great Lakes shoreline habitat, over time accumulate a sufficient contaminant
load so as to impair reproduction. Therefore, eagles nesting along the shorelines and
islands of the Great Lakes are still experiencing impairment of reproduction and are
considered a population “sink” (Bowerman et al. 1998, Roe 2004).

Mercury
Hg concentrations in many regions of the globe have increased as a result of
industrial activities. Most of the Hg released into the environment is inorganic, but a
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small fraction is converted by bacteria to methylmercury (MeHg), a toxic organic
compound. MeHg bioaccumulates through aquatic food webs so effectively that the
primary exposure pathway for MeHg in humans and wildlife species is through fish
consumption (Harris et al. 2007).
There are many sources of Hg to the environment, both natural and
anthropogenic. Natural sources include volcanoes, and natural mercury deposits.
Anthropogenic Hg emissions to the atmosphere originate from a variety of sources
including coal combustion, waste incineration, chlor-alkali facilities, and other industrial
and mining processes (Harris et al. 2007). In the environment, mercury is transformed
into methylmercury when the oxidized, or mercuric species (Hg2+), gains a methyl group
(CH3). A variety of microorganisms, particularly methane-producing and sulfatedependant bacteria are thought to be involved in the conversion of Hg2+ to MeHg under
anaerobic conditions. Methylation occurs primarily in aquatic, acidic environments with
high concentrations of organic matter (Environment Canada). The methylation of Hg is
primarily a natural, biological process resulting in the production of highly toxic
methylmercury compounds that increase in concentration up the food chain (Environment
Canada).
Raptors, including the bald eagle, are especially susceptible to the effects of
environmental contaminants that are biomagnified in a food chain. Hg can cause
neuropathology resulting in changes in behavior, which may disrupt foraging and
reproduction and result in poor breeding success (Jagoe et al. 2002). Hg concentrations
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in eggs are associated with impaired hatchability and embryonic mortality in a number of
bird species (Wiener et al. 2003, Scheuhammer et al. 2007).
There have been numerous studies on the detrimental effects of Hg on different
avian species. Reproductive failure and altered nesting behavior have been documented
in common loons, (Gavia immer, Barr 1986) and laboratory feeding studies have shown
acute lethality, neurotoxicity, and altered nesting behavior related to Hg concentrations in
food for the goshawk, (Accipiter gentiles, Borg et al. 1970) and red-tailed hawk (Buteo
jamaicensis, Fimreite and Karstad 1971). In a field study with common loons, adult
loons in high-risk territories for Hg, left eggs unattended 14% of the time, compared with
1% in lower-risk territories (Thompson 1996). In wild birds, environmental MeHg
exposure may be associated with a higher potential for infection by disease organisms
(Scheuhammer et al. 2007).
Hg concentrations in feathers of bald eagles have been previously documented in
the Great Lakes region (Bowerman et al. 1994). Atmospheric deposition is widely
considered to be the primary source of Hg accumulating as MeHg in fish inhabiting lakes
of the north-central United States (Sorensen et al. 1990). Hg concentrations were
considered to be elevated in bald eagle feathers from Michigan, and a number of
recommendations were made to assess the widespread Hg contamination problem due to
aerially transported Hg loadings (Evans 1993).
The use of feathers to monitor environmental exposure of birds to heavy metals is
a common method (Westermark et al. 1975, Buhler and Norheim 1982, Bruane and
Gaskin 1987, Bowerman et al. 1994). Feathers, almost entirely made of pure protein, are
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a reliable indicator of protein intake in the diet. Adult feathers are molted a few at a time
during the nesting season, with the larger flight and tail feathers frequently molted in
pairs (McCollough et al. 1986). Hg is excreted via growing feathers, and once bound to
the feather keratin molecule, is relatively physically and chemically stable, being resistant
to a variety of rigorous treatments (Appelquist et al 1984, Thompson et al. 1998). For Hg
in birds, about 70% (Honda et al. 1986, Harris et al. 2007) to 93% (Bruane and Gaskin
1987, Harris et al. 2007) of the body burden is in feathers, and greater than 95% of the
Hg in feathers is MeHg (Thompson and Furness 1989, Harris et al. 2007).
When working with any species, especially endangered or threatened species,
non-invasive techniques, such as feather sampling are an efficient way to obtain valuable
information, without putting extra burdens on the species. Because feathers are stable,
and do not break down over time, they can be archived for later analysis, providing the
opportunity to analyze temporal trends using the same instrumentation (Berg et al. 1996,
Walsh 1990, Thompson et al. 1992, Harris et al. 2007).

Stable Isotopes
Stable isotope measurements are used in many studies of avian ecology to
describe major flow pathways of organic matter in food webs, to follow animal
movements and migrations from one food web to another, and to show variations in
feeding strategies among individuals (DeNiro and Epstein 1981, Fry 1999). The isotope
values measured in feathers represent the diet ingested by the individual during the period
when the feathers were grown (Mizutani et al. 1992).
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Carbon isotope ratios (C12 / C13) in feathers are also analyzed to determine if a
bird’s diet consists of terrestrial or aquatic food sources. Carbon ratios show relatively
little to no enrichment with increases in trophic position (Post 2002, Roe 2004).
Therefore they often indicate the dietary sources of primary consumer bases upon
differential fractionation occurring within plant species (Peterson and Fry 1987, Gannes
et al. 1998, Harding and Stevens 2001, Roe 2004). The

13

C values found in the bald

eagle feathers can be used to indicate the type of photosynthesis (C3, C4), or flow of
energy, the primary producer utilized at the base of the consumer’s food web. Carbon
fractionation in C3 plants results in

13

C values of -34 to -24 o/oo, while photosynthesis

by C4 plants leads to lesser carbon fractionation with

13

C values ranging from -19 to -6

o

/oo (DeNiro and Epstein 1978, Peterson and Fry 1987, Gannes et al. 1998). Variation in

the stable isotope composition and Hg content of feather samples may provide insights
into possible Hg exposure routes and sources.
Another application of

13

C values that may be useful is the differentiation

between different sources of primary producers in lakes. In large lakes, the two major
sources of primary producers are littoral (near shore) production from attached algae and
detritus, and pelagic (open water) production from phytoplankton (Post 2002, Roe 2004).
The

13

C values at the base of the littoral food web tend to be enriched in

13

C relative to

the base of the pelagic food web (France 1995, Post 2002, Roe 2004).
Nitrogen isotope ratios (N14 / N15) can help distinguish between the trophic level
of the prey item upon which the bald eagles are feeding. The heavier isotope of nitrogen
(N15) increases from prey to predator due to the preferential excretion of the lighter
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isotope (N14) through metabolic processes (Gaebler et al. 1966, Kidd et al. 1995). The
range in trophic feeding was derived from previous avian studies where it was
determined that an approximate

15

N trophic enrichment of 2.4 – 3.4 o/oo occurred with

each higher trophic feeding level (Hobson et al. 1994). Nitrogen isotopes reflect protein
reprocessing within an individual and thus allow for the assessment of trophic
relationships among species (Peterson and Fry 1987, Gannes et al. 1998, Harding and
Stevens 2001, Roe 2004). Correlated changes in the stable isotope composition and Hg
content of feather samples may provide insights into possible Hg exposure routes and
sources while correlated changes along the length of a feather may provide information
about how food resources vary over the time period of feather growth.

Objectives
The first objective of this study was to determine if there were significant
differences in Hg and stable isotope concentrations of bald eagle feathers among three
lakes and based on the category of prey found in and around the nest. The second
objective was to determine if relationships existed between mercury and stable isotope
concentrations for the nestling feathers. The third objective was to try to determine the
reason for elevated Hg concentrations in nestling eagle feathers from Voyageurs National
Park (VNP).
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Methods
Study Area
VNP is an 886 km2 park along the Minnesota-Ontario border, east of
International Falls, Minnesota (Figure 1). Annual precipitation averages about 62 cm, and
lakes are typically ice covered for 5-6 months of the year (Knights et al. 2005). VNP is a
place of transition, between upland and aquatic ecosystems, southern boreal and northern
hardwoods forest types, and both wild and developed areas. VNP supports a diverse
assemblage of wildlife, including over 240 species of birds, 10 species of reptiles and
amphibians, 53 species of fish, 42 species of mammals, and countless invertebrates (NPS
2006).
Hg contamination of the food web and water-level management of Rainy Lake
and Namakan Reservoir (comprising Namakan, Kabetogama, Sandpoint, Crane, and
Little Vermilion lakes) are two of the most significant water resource issues for VNP
(Sorensen et al. 2005). Water levels are controlled by a hydroelectric dam at the outlet of
Rainy Lake and by regulatory dams on Namakan Lake’s two outlets. These privately
owned dams have been in place since the early 1900’s (NPS 2006).
Past research indicated that the management of the dams had created changes to
the lake levels in the Rainy and Namakan basin that were resulting in negative impacts to
the aquatic ecosystem (NPS 2006). A three-year (2001-2003) monitoring effort of 14
northeastern Minnesota lakes found a strong relationship between water levels and Hg
concentrations in young of year yellow perch (Perca flavescens) (Sorensen et al. 2005).
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Figure 1. We collected nestling bald eagle feathers from three lakes (Rainy Lake,
Kabetogama Lake, and Crane/Sandpoint Lake) at Voyageurs National Park, Minnesota
(VNP) in June 2005.
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For our study in 2005, nestling bald eagle feathers were collected from three
lakes in VNP, Rainy Lake, Lake Kabetogama, and Crane/Sandpoint Lakes. Nests were
opportunistically sampled in 2005 dependent on availability of nestlings five weeks of
age or older in live trees.

Feather Collection
Nestling breast feathers were collected during normal banding activities in June
2005. Nestlings sampled were between 5 and 10 weeks of age and three to four breast
feathers were collected from each nestling. The feather samples were promptly sealed in
small envelopes, labeled in the field, and shipped and stored at the U.S. Fish and Wildlife
Service, East Lansing Field Office until analysis at Savannah River Ecology Lab (Roe
2004).

Feather Preparation
Each feather was placed in a labeled Ziploc® bag containing the detergent
Citranox®, agitated, and then washed with deoxygenated water. The feather was placed in
a freezer for 1 h and then in a freeze-dryer overnight to remove moisture. Each sample
was cut into smaller pieces with scissors since the nestling feathers were too small to be
ground up with the Cryo-grinder. The samples were weighed using a digital scale.
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Mercury Analysis
Approximately 4 mg of feather was analyzed for total mercury following EPA
method 7473, using a DMA80 Direct Mercury Analyzer (Milestone, Inc, Monroe,
Connecticut, USA). This method utilizes thermal decomposition, gold amalgamation,
with cold vapor atomic absorption detection. Each batch of five to ten samples included a
certified reference material of known Hg concentration (Dorm-2 (dogfish (Squalus
acanthias) muscle) or Tort-2 (lobster (Homarus americanus) hepatopancreas), National
Research Council of Canada, Ottawa, Canada), along with a blank and a sample replicate.

Stable Isotope Analysis
All isotopic measurements were performed at the Department of Geology and
Savannah River Ecology Laboratory, University of Georgia, Aiken, South Carolina.
Feather samples were cut and homogenized by grinding with liquid nitrogen.
Approximately 1.0 to 1.5 mg of ground feather was loaded into pre-cleaned and weighted
tin capsules to be weighed on an ultra-microbalance. Capsules were then sealed and
placed in the autosampler of a Carlo Erba Elemental Analyzer NA 2500, attached to a
continuous flow isotope ratio mass spectrometer for carbon and nitrogen isotope analysis.
Samples were converted to CO2 and N2 in oxidation/reduction furnaces, separated by gas
chromatography, and then measured for C13/C12 and N15/N14 ratios on the mass
spectrometer. An internal N2 working standard was admitted before the introduction of
each sample and a CO2 standard was admitted at the conclusion of each combustion for
calibration to AIR (nitrogen) and Pee Dee belemnite carbon international standards.
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Stable isotope ratios are reported in per mil units by using standard delta ( ) notation
(Craig 1957, Roe 2004). External working standards of DORM-2 and TORT-2 were
reproducible to better than +/- 0.2 % for both C13 and N15 (Graves et al. 2002, Roe 2004).

Prey Analysis
Each nest was categorized as eagles primarily feeding on (birds, fish, mixed and
none). Prey remains were collected and recorded from inside the nest and below the nest.
If there was evidence of both fish and bird remains or had identified prey in the nest, the
nest was categorized as feeding on mixed birds and fish since there was no evidence to
distinguish between them. If there were no prey remains found, the nest was categorized
as none.

Statistical Analysis
Statistical analyses were performed using the Statistical Analysis System, SAS
9.1 statistical package (SAS Institute Inc. 2002). Simple Linear Regression was used for
Hg comparison to

15

N and

concentrations of Hg,

15

13

C. ANOVA and LSD were used for comparing mean

N, and

13

C among lakes. To test from differences in prey (or

locations) we used an ANOVA for overall differences, and Fisher's protected LSD to test
for specific differences. All test used an alpha = 0.05 and all calculations were performed
using the GLM and MIXED procedures of SAS.
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Results
Concentrations of Hg,

15

N, and

13

C were determined from nestling feathers and

varied by lake (Kabetogama, Crane/Sandpoint, Rainy) and primary prey type (fish, bird,
mixed) (Table 1).

Mercury
Hg concentrations in feathers from nestling bald eagles of VNP varied among
lakes. Lake Kabetogama (mean = 5.1 ppm) had a significantly lower Hg concentration
(F= 11.65, df = 20, P = 0.034) than Rainy (mean = 15.1 ppm) and Crane/Sandpoint
(mean = 13.3 ppm) (Figure 2, Table 2).
There was a significant difference in Hg concentrations based on the prey found
in the nest (F = 4.29, df = 20, P = 0.01). Hg concentrations in nestlings feeding primarily
on birds (mean = 22.79) were significantly higher than the nestlings feeding primarily on
fish (mean = 8.78), mixed prey (mean = 11.29), or none (mean = 10.08) (Table 3).

Stable Isotopes
15

N concentrations in feathers from nestling bald eagles of VNP differed

significantly among the lake with Crane/Sandpoint having slightly greater
concentrations.

13

15

N

C concentrations in feathers from nestling bald eagles of VNP did not

differ significantly among the lakes (Table 2).
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Table 1. Location, lake, predominant prey type, and concentrations of Hg, 13C, and
in feathers of nestling bald eagles collected in 2005 from Voyageurs National Park,
Minnesota (VNP).

Breeding Area
Windigo
Grassy Bay
Old Dutch
Yew Bush
Windigo
Steven's Island
Swanson Bay
King William
Swanson Bay
Green Mrkr 19
Green Mrkr 19
Pine Island VI
N. Wood Duc
N. Cutover
N. Wood Duc
Reuter Creek
Skipper Rock
Skipper Rock
W 8 Mile
Three Sisters
8 Mile
Yew Bush
Reuter Creek
Old Dutch

Lake
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Crane/Sandpoint
Kabetogama
Kabetogama
Kabetogama
Kabetogama
Kabetogama
Kabetogama
Rainy
Rainy
Rainy
Rainy
Rainy
Rainy

Prey
Fish
Both
None
Unknown
Fish
Bird
None
Bird
None
Fish
Fish
Fish
None
Fish
None
Both
Both
Both
Fish
Fish
Fish
Unknown
Both
None
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Hg
(ppm)
3.41
19.43
7.34
2.99
4.83
16.26
14.74
29.32
20.94
5.09
6.36
5.14
5.45
4.22
4.22
12.55
14.83
13.65
15.44
18.36
16.14
4.81
10.78
7.80

13C
(o/oo)
-24.07
-25.80
-25.54
-24.80
-24.11
-24.23
-25.15
-26.17
-25.10
-25.23
-25.27
-24.70
-23.94
-24.20
-24.26
-24.84
-22.73
-23.11
-25.83
-25.21
-23.89
.
.
.

15N
(o/oo)
12.05
12.07
11.98
11.92
12.33
11.48
12.10
12.82
12.26
11.52
11.59
11.68
12.29
11.83
12.02
11.39
11.81
11.79
11.53
11.85
11.73
.
.
.

15

N

25

Hg/kg (ppm)

20

15

Rainy
Kabetogama
Crane/Sandpoint

10

5

0
VNP Lake

Figure 2. Hg concentrations in nestling bald eagle feathers among lakes at Voyageurs
National Park, Minnesota (VNP) collected in June 2005.
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Table 2. Mean values of Hg, 15N, and 13C concentrations in feathers collected in 2005
from nestling bald eagles, among three lakes at Voyageurs National Park, Minnesota.
Lake
Rainy

n
6

Hg (ppm)
15.1 A

15N (o/oo)
11.68 B

13C*(o/oo)
-24.26 A

Kabetogama

6

5.10 B

11.82 AB

-24.60 A

13.3 A
12.11 A
Crane/Sandpoint 9
*Like letters are not significantly different among lakes (p>0.05).

-24.99 A
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Table 3. Mean values and standard deviations of Hg, 15N, and 13C concentrations in
feathers collected in 2005 from nestling bald eagles, among three lakes at Voyageurs
National Park, Minnesota (VNP) based on prey remains found in and around the nests.
Prey Items
Bird

n
2

Hg (ppm)
22.79 A
(0.41)

13C (o/oo)
-25.20 A
(0.76)

15N (o/oo)
12.15 A
(0.25)

Fish

9

8.78 B
(0.18)

-24.72 A
(0.33)

11.79 A
(0.11)

Mixed
5
(Unknown/Both)

11.29 B
(0.55)

-24.25 A
(0.54)

11.79 A
(0.18)

None

10.08 B
(0.25)

-24.79 A
(0.47)

12.13 A
(0.16)

5
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The bald eagle nestling data was analyzed by prey species found in the nest (bird,
fish, or mixed). There was no significant difference for
= 20, P = 0.27) and
The average

15

13

N and

15

N concentrations (F = 1.45, df

C (F =0.52, df = 20, P = 0.79) concentrations among prey types.
13

C concentrations for eagles feeding primarily on birds (12.15,

-25.20); fish (11.79, -24.72); mixed prey (11.79, -24.25) and none (12.13, -24.79) are
reported in Table 3

Mercury and Stable Isotope Relationships
There were two significant relationships that occurred among Hg,

15

N and

13

C

concentrations in feathers from nestling bald eagles when individual lakes were analyzed.
For data from eagles that nested along Lake Kabetogama there was a positive relationship
between

15

N and

13

C (r2 = 0.82, df = 5, P=0.01) (Table 4). At Crane/Sandpoint Lake

there was a negative relationship between Hg and

13

C (r2 = 0.49, df = 8, P= 0.04) (Table

4). However, for the data pooled from all three lakes, there were no relationships between
Hg and
15

N and

15

N (r2 = 0.08, df = 20, P=0.20), Hg and

13

C (r2 = 0.03, df = 20, P=0.48).
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13

C (r2 = 0.11, df = 20, P=0.14), or

Table 4. Relationships among Hg, 15N, and 13C concentrations in feathers collected
from nestling bald eagles within nests from three lakes at Voyageurs National Park,
Minnesota (VNP).
Lake

Comparison

R2

P-value

Rainy

Hg v 15N

0.35

0.21

Hg v 13C

0.09

0.55

0.27

0.28

Hg v 15N

0.07

0.61

Hg v 13C

0.31

0.25

0.82

0.01

Hg v 15N

0.21

0.22

Hg v 13C

0.46

0.04

0.27

0.15

15N v 13C
Kabetogama

15N v 13C
Crane/Sandpoint

15N v 13C
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Discussion
Mercury
MeHg exposures can cause significant behavioral, physiological, immunological,
neurochemical, reproductive, and histological changes in wildlife (Scheuhammer et al.
2007). Environmental Hg contamination results in degradation of Hg-sensitive aquatic
ecosystems, because inorganic Hg is methylated, rapidly enters the food web and
biomagnifies to potentially toxic concentrations in fish and their predators (Scheuhammer
et al. 2007). In general, regions that receive relatively high atmospheric Hg loadings in
which Hg methylation rates are relatively high (low alkalinity, low pH lakes, surface
waters with large upstream or adjoining wetlands; waters with adjoining or upstream
terrestrial areas subjected to flooding and dark water lakes and streams) pose the greatest
risk for piscivorous wildlife, because the trophic transfer of Hg is high and fish
accumulate the greatest concentrations of Hg (Wiener et al. 2003, Chen et al. 2005,
Scheuhammer et al. 1994).
In a previous study (see Chapter 1) VNP concentrations of Hg in adult eagle
feathers had significantly greater Hg concentrations when compared to the other two
geographic areas, UP and LP of Michigan. Hg concentrations in northern pike (Esox
lucius) from VNP, a major food source for bald eagles, exceeded state and federal criteria
for protecting humans who eat noncommercial fish (Knights et al. 2005). The great Hg
concentrations in the feathers of eagles from VNP could have multiple causes including
water level fluctuations, primary prey selection, local factors related to methylation, or
differences in individual behavior. In a report on changes in reservoir management and
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Hg accumulation in fish in VNP, greater Hg variations were found in lakes affected by
VNP dams than for other lakes in the study not affected by the dams (Sorensen et al.
2005). The physical processes that change from year to year directly influence Hg
methylation and bioaccumulation (Sorenson et al. 2005). A strong correlation (r2 > 0.9)
was found between Hg concentration in young of year yellow perch and maximum water
levels (Sorenson et al. 2005). There are many factors that could explain the significantly
greater Hg concentrations in feathers from VNP in comparison to the other two locations
including availability of MeHg in the ecosystem, differences in individual prey species
growth rate, age, and trophic position (Kidd et al. 1995), buffering capacity of soils,
differences in atmospheric deposition rates, and differences in methylation rates.
My data clearly shows that Hg concentrations in feathers of eagles nesting along
Lake Kabetogama were less than those nesting at Rainy and Crane/Sandpoint Lakes. The
significantly lower Hg concentrations in feathers of eagles nesting along Lake
Kabetogama may indicate a strong association with lakes affected by dams and greater
Hg concentrations. Lake Kabetogama does not have a dam, while Rainy has a
hydroelectric dam and Crane/Sandpoint are closely located to Namakan Lake, which
contains regulatory dams. The lower concentrations of Hg at Kabetogama could also
have been due to regional differences in hydrology such as flow patterns, rates, and
periodicity, as well as dry-down and rewetting in some environments that may occur as a
consequence of water management strategies. Watershed drainage and flow rates affect
Hg transport and residence times, and nutrient and sulfate loading which, in turn,
influences Hg methylation and bioaccessibility. Periodic dry-downs and rewetting affect
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the sulfur cycle through sulfide oxidation and sulfate reduction, respectively. In turn, Hg
methylation by sulfate-reducing bacteria is the probable cause of large spikes in MeHg in
areas during and immediately following rewetting (Krabbenhoft et al. 1998, Harris et al.
2007).
In a previous study from 2001-2003, Hg concentrations in yellow perch ranged
from 15 to 281 ng/g, with the highest values found at Crane and Sandpoint Lakes in 2001
(Sorensen et al. 2005). The correlation between maximum water levels and fish mercury
concentrations was significant and was highest for water levels defined in the range from
March to July (r =0.80, p = <0.01) (Sorensen et al. 2005). One reason for this correlation
may be that as water levels rise, areas of increasing organic content are inundated. This
would promote microbial activity responsible for MeHg production (Sorensen et al.
2005). Dams cause a similar affect by increasing organic content and microbial activity,
which applies to my data since the Crane/Sandpoint and Rainy Lakes, both affected
directly by dams, have greater Hg concentrations than Lake Kabetogama, which is not
directly affected by dams.
The bald eagle nestling data was analyzed by prey species found in the nest (bird,
fish, mixed, or none). The average Hg concentrations for primarily bird-feeding eagles
was significantly higher than primarily fish-eating eagles or eagles that had mixed or no
prey found in the nest. However, only two confirmed bird-feeding eagles. A future study
with a larger sample size will be beneficial in analyzing differences between stable
isotopes and prey base for eagles at VNP.
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An intensive watershed monitoring program has been proposed with each site
selected specifically on the following criteria: 1) Are sensitive to elevated atmospheric
deposition of Hg; 2) Are expected to experience marked changes in deposition in
response to changes in Hg emissions; and 3) Represent background conditions (remote
from local and regional sources of Hg and would represent global Hg emissions) (Harris
et al. 2007). Based on these criteria, VNP may be a candidate as one of the watersheds for
this monitoring program. Further data would be collected to help determine the reason for
higher concentrations of Hg in VNP compared to other geographic locations and to
determine why Hg concentrations vary among lakes within the park.

Stable Isotopes
13

C concentrations infer the source (or habitat) of the prey of the bald eagles.

There was no significant difference in

13

C concentrations between the three lakes at

VNP. Since carbon isotope ratios refer to exactly how much carbon is in the food source
of the bald eagles, this could suggest that among the three locations, the bald eagles are
feeding on similar small mammals, fish, and other items.
The

13

C values found in the bald eagle feathers can be used to indicate the type

of photosynthesis the primary producer utilized at the base of the consumer’s food web.
The average

13

C concentrations for the three lakes did not differ significantly from each

other, suggesting that the nestlings at the three lakes have the same type of
photosynthesis occurring at the base of their food webs. In a previous study, mean
values were not significantly different between bird-consuming and fish-consuming
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13

C

eagles (Roe 2004). When analyzing the

13

C values for the flow of energy (C3, C4),

80.9% are C3 plants and pelagic feeders.
The bald eagle nestling data was analyzed by prey species found in the nest (bird,
fish, mixed, or none). The

13

C average and range for primarily bird-feeding eagles was

slightly higher than primarily fish-eating eagles, but was not significant. However, there
were only two confirmed bird-feeding eagles. A future study with a larger sample size
will be beneficial in analyzing differences between stable isotopes and prey base for
eagles at VNP.
15

N concentrations can help distinguish among the trophic levels that the bald

eagles are feeding on. Concentrations in feathers collected from nests along Rain Lake
have a lower trophic level than Crane/Sandpoint, which may suggest that the bald eagles
at Crane/Sandpoint feed primarily on predatory fish, birds, and mammals, which are
higher on the trophic scale. This could be caused by varying abundance of prey items
among lakes. Since two of the lakes at VNP differed significantly in

15

N concentrations

this may suggest that the food sources at Rainy and Crane/Sandpoint Lakes could differ
depending on what prey is available at the time or in the specific area.
A range in trophic level feeding is not uncommon for large avian predators, such
as bald eagles. Bald eagles are known to have opportunistic feeding habits within North
America (Dunstan and Harper 1975, Stalmaster 1987, Bowerman 1993, Brown et al.
1998, Gill and Elliot 2003, Roe 2004). They consume the prey that is readily abundant
seasonally, within their territories, which include herbivorous, omnivorous, and
carnivorous fish, birds, and mammals (Kozie and Anderson 1991, Bowerman 1993,
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Ewins and Andress 1995, Kaltenecker et al. 1998, Grubb and Lopez 2000, Dominguez et
al. 2003, Roe 2004). Since there is a range of trophic feeding seasonally, analyzing the
Hg and isotope concentrations of the actual prey remains and comparing the values to the
Hg and isotope concentrations of the feathers of the eagles in the nest can provide greater
insight on the actual trophic feeding levels of the eagles instead of analyzing just the
eagle feathers.
The bald eagle nestling data were analyzed by prey species found in the nest
(bird, fish, mixed, or none). The

15

N average for primarily bird-feeding eagles was

slightly higher than primarily fish-eating eagles, but was not significant. In a previous
study, mean

15

N values for bird-consuming nestling eagles were significantly greater

than the mean values for fish-consuming nestling eagles (Roe 2004). Due to a sample
size of only two confirmed bird-feeding eagles, it is difficult to draw any conclusions. A
future study with a larger sample size will be beneficial in analyzing differences between
stable isotopes and prey base for eagles at VNP.

Mercury and Stable Isotope Relationships
Habitat differences also influence trophic structure, with the length of food chains
affecting the degree of bioaccumulation of Hg in top predators. Prey species availability
in different habitats may strongly influence accumulation of Hg in predators (Harris et al.
2007). For the data from the three lakes pooled together, there were no relationships
found between Hg,

15

N, and

13

C. In previous studies, there were no significant

relationships found between Hg concentrations and

69

15

N and

13

C values in feathers from

nestling bald eagles (Roe 2004) or in blood from nestling bald eagles in eastern
Newfoundland (Dominiquez et al. 2003). However, for individual lakes, we found two
significant relationships between Hg,
positive relationship between

15

N and

15

N, and

13

13

C. In Lake Kabetogama there was a

C. The relationship between

13

may suggest that the same plant species at the base of the food web, based on
results, can predict which trophic level the bald eagle feeds on, based on

15

C and

15

13

N

C

N results.

13

C concentrations infer the source (or habitat) of the prey of the bald eagles. In

Crane/Sandpoint Lake there was a negative relationship between Hg and

13

C. The

relationship suggests there is an association between the concentration of Hg in the bald
eagle nestling feathers with the type of photosynthesis the primary producer utilized at
the base of the consumer’s food web.
However, the relationship between
the relationship between Hg and

13

15

N and

13

C only occurs at Kabetogama and

C only occurs at Crane/Sandpoint. This may suggest

that although at these specific locations, a relationship was observed, future studies need
to be conducted to confirm the connection. Since our study contained only a small
number of birds from a single year, it would be beneficial for a future study to have a
larger data set across multiple years.

Conclusion
We have analyzed nestling bald eagle feathers from three lakes in VNP of
Minnesota for Hg,

13

C, and

15

N concentrations. There was a significantly lower Hg

concentration in feathers of nestling bald eagles from nests located along Lake
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Kabetogama compared with feathers from nestling bald eagles at Rainy Lake and
Crane/Sandpoint Lakes. There were no significant differences for

13

C concentrations

among the three lakes. Rainy Lake and Crane/Sandpoint Lakes differed significantly in
15

N concentrations. There were significantly greater Hg concentrations for primarily

bird-feeding eagles than eagles feeding on other prey. There may not have been enough
nestling feathers analyzed for the study to result in true relationships between Hg,
and

15

13

C,

N.

Literature Cited
Appelquist H, Asbirk S, Drabaek I (1984) Mercury monitoring: mercury stability in bird
feathers. Marine Pollut Bullet 15: 22-24
Barr JF (1986) Population dynamics of the common loon (Gavia immer) associated with
mercury-contaminated waters in northwestern Ontario. Occasional Paper No 56,
Can Wildl Serv, Ottawa, Canada
Berg W, Johnels A, Jostrand BS, Westermark T (1966) Mercury content in feathers
of Swedish birds from the the past 100 years. Oikos 17: 71-83
Borg K, Erne K, Hanko E, Wanntrop H (1970) Experimental secondary methylmercury
poisoning in the goshawk (Accipiter gentiles) Environ Pollut 1: 91-104
Bowerman WW (1993) Regulation of bald eagles (Haliaeetus leucocephalus)
productivity in the Great Lakes Basin: An ecological and toxilogical approach.
PhD Dissertation, Michigan State University, East Lansing, Michigan, USA
Bowerman WW, Evans ED, Giesy JP, Postupalsky S (1994) Using Feathers to Assess
Risk of Mercury and Selenium to Bald Eagle Reproduction in the Great Lakes
Region. Arch Environ Contam Toxicol 27: 294-298
Bowerman WW, Best DA, Grubb TG, Zimmerman GM, Giesy JP (1998) Trends of
contaminants and effects in bald eagles of the Great Lakes Basin. Environ Monit
Assess 53: 197-212

71

Bowerman WW, Roe AS, Gilbertson MJ, Best DA, Sikarskie JG, Mitchell RS, Summer
CL (2002) Using bald eagles to indicate the health of the Great Lakes
environment. Lakes and Reservoirs: Research and Manag 7: 183-187
Brown BT, Stevens LE, Yates TA (1998) Influences of fluctuating river flows on bald
eagle foraging behavior. Condor 100: 745-748
Bruane BM, Gaskin DE (1987) Mercury levels in Bonaparte's gulls (Larus philadephia)
during autumn molt in the Quoddy Region, New Brunswick, Canada. Arch
Environ Contam Toxicol 16: 539-549
Buehler DA (2000) Bald Eagle. The Birds of North America. No. 506
Buhler U, Norheim G (1982) The mercury content in feathers of the sparrowhawk
Accipiter nisus in Norway. Fuana Norv Ser C Conclus 5: 43-46
Chen CY, Stemberger RS, Kamman NC, Mayes BM, Folt CL (2005) Patterns of Hg
bioaccumulation and transfer in aquatic food webs across multi-lake studies in the
northeast US. Ecotoxicology 14: 135-148
DeNiro MJ, Epstein S (1978) Influence of diet on the distribution of carbon isotopes in
animals. Geochim Cosmochim Acta 42: 495-506
DeNiro MJ, Epstein S (1981) Influence of diet on the distribution of nitrogen isotopes in
animals. Geochim Cosmochim Acta 45: 341-351
Dominguez L, Montevecchi WA, Burgess NM, Brazil J, Hobson KA (2003)
Reproductive success, environmental contaminants, and trophic status of nestling
bald eagles in eastern Newfoundland, Canada. J Raptor Res 37: 209-218
Dunstan TC, Harper JF (1975) Food habits of bald eagles in North-Central Minnesota. J
Wildl Manage 39: 140-143
Environment Canada (2004) Mercury and the Environment.
http://www.ec.gc.ca/MERCURY/EN/ref.cfm
Evans, ED (1993). Mercury and Other Metals in Bald Eagle Feathers and Other Tissues
From Michigan, Nearby Areas of Minnesota, Wisconsin, Ohio, Ontario, and
Alaska 1985-89, Michigan Department of Natural Resources: 1-56.
Ewins PJ, Andress RA (1995) The diet of bald eagles, Haliaeetus leucocephalus,
wintering in the lower Great Lakes Basin, 1987-1995. Can Field-Nat 109: 418-425

72

Fimreite N, Karstad L (1971) Effects of dietary methylmercury on red-tailed hawks. J
Wildl Manage 35: 293-300
Fry B (1999) Using stable isotopes to monitor watershed influences on aquatic
trophodynamics. Can J Fish Aquat Sci 56: 2167-2171
Gaebler OH, Vitti TG, Vumirovich T (1966) J Biochem Phys 44: 1245-1257
Gannes LZ, Martinez Del Rio C, Koch P (1998) Natural abundance variations in stable
isotopes and their potential uses in animal physiological ecology. Comp Biochem
Physiol 119A: 725-737
Gill CE, Elliott JE (2003) Influence of food supply and chlorinated hydrocarbon
contaminants on breeding success of bald eagles. Ecotoxicol 12: 95-111
Graves GR, Romanek CS, Navarro AR (2002) Stable isotope signature of philopatry and
dispersal in a migratory songbird. PNAS 99(12): 8096-8100
Grubb TG, Lopez RG (2000) Food habits of bald eagles wintering in northern Arizona. J
Raptor Res 34: 287-292
Harding EK, Stevens E (2001) Using stable isotopes to assess seasonal patterns of avian
predation across a terrestrial-marine landscape. Oecologia 129: 436-444
Harris R, Krabbenhoft D, Mason R, Murray M, Reash R, Saltman T (2007) Ecosystem
Responses to Mercury Contamination. New York: CRC Press
Hobson KA, Piatt JF, Pitocchelli J (1994) Using stable isotopes to determine seabird
trophic relationships. J Anim Ecol 63: 786-798
Honda K, Nasu T, Tatsukawa R (1986) Seasonal changes in mercury accumulation in the
black-eared kite, (Milvus migrans lineatus) Environ Pollut 42: 325-334
Jagoe CH, Bryan, Jr. AL, Brant HA, Murphy TM, Brisbin, Jr. L (2002) Mercury in Bald
Eagle Nestlings From South Carolina, USA. Journal of Wildlife Diseases 38(4):
706-712
Kaltenecker GS, Steenof K, Bechard MJ, Munger JC (1998) Winter foraging ecology of
bald eagles on a regulated river in southwest Idaho. J Raptor Res 32: 215-220
Kidd KA, Hesslein RH, Fudge RJP, Hallard KA (1995) The influence of trophic level as
measured by 15N on mercury concnetrations in freshwater organisms. Water Air
Soil Pollut 80: 1011-1015

73

Kozie KD, Anderson RK (1991) Productivity, diet, and environmental contaminants in
bald eagles nesting near the Wisconsin shoreline of Lake Superior. Arch Environ
Contam Toxicol 20: 41-48
Knights BC, Wiener JG, Sandheinrich MB, Jeremiason JD, Kallemeyn LW, Rolfhus KR,
Brigham ME (2005) Ecosystem Factors influencing Bioaccumulation of Mercury
from Atmospheric Deposition in Interior Lakes of the Voyageurs National Park,
Minnesota.
Krabbenhoft DP, Gilmour CC, Benoit JM, Babiarz CL, Andren AW, Hurley JP (1998)
Methylmercury dynamics in littoral sediments of a temperate seepage lake. Can J
Fish Aquat Sci 55: 835-844
McCollough M (1986) The post-fledgling ecology and population dynamics of bald
eagles in Maine. Orono, University of Maine: 106
Mizutani H, Fukuda M, Kabaya Y (1992) C13 and N15 Enrichment Factors of Feathers
of 11 Species of Adult Birds. Ecology 73(4): 1391-1395
NPS (2006) Voyageurs National Park: Nature and Science.
http://www.nps.gov/voya/naturescience/index.htm
Peterson BJ, Fry B (1987) Stable isotopes in ecosystem studies. Annu Rev Ecol Syst 18:
293-320
Post DM (2002) Using stable isotopes to estimate trophic position: Models, methods, and
assumptions. Ecology 83: 703-718
Roe AS (2004) Spatial and Temporal Analyses of Environmental Contaminants and
Trophic Status of Bald Eagles in the Great Lakes Region. PhD dissertation,
Clemson University, Clemson, South Carolina, USA
Scheuhammer AM, Blancher PB (1994) Potential risk to common loons (Gavia immer)
from methylmercury exposure in acidified lakes. Hydrobiologia 279/280: 445-455
Scheuhammer A, Meyer M, Sandheinrich M, Murray M (2007) Effects of Environmental
Methylmercury on the Health of Wild Birds, Mammals, and Fish." Ambio 36 (1):
12-18
Sorensen J, Glass G, Schmidt K, Huber J, Rapp G (1990) Airborne mercury deposition
and watershed characteristics in relation to mercury concentrations in water,
sediments, plankton, and fish of eighty northern Minnesota lakes. Environ Sci
Technol 24(11): 1716-1727

74

Sorensen J, Kallemeyn L, Sydor M (2005) Relationship between Mercury Accumulation
in Young-of-the-Year Yellow Perch and Water Level Fluctuations. Environ Sci
Technol 39: 9237-9243
Stalmaster, MV (1987) The Bald Eagle. Universe Books, New York.
Thompson, DR (1996) Mercury in birds and terrestrial mammals. Environ Contam Wildl:
Interpreting Tissue Concent. Beyer WN, Heinz GH, Redmon-Norwood AW (eds).
Lewis Publishers, Boca Raton, Florida 341-356
Thompson, DR, Bearhop S, Speakman JR, Furness RW (1998) Feathers as a means of
monitoring mercury in seabirds: insights from stable isotope analysis. Environ
Pollut 101: 193-200
Thompson DR, Furness RW (1989) The chemical form of mercury stored in South
Atlantic seabirds Environ Pollut 60: 305-318
Thompson DR, Furness RW, Walsh PM (1992) Historical changes in mercury
concentrations in the marine ecosystem of the north and northeast Atlantic Ocean
as indicated by seabird feathers. J Appl Ecol 29: 79-84
USFWS (2007) Bald Eagle will Retain Strong Federal Protections if Removed from
Endangered Species List.
http://www.fws.gov/news/NewsReleases/showNews.cfm?newsId=E7FEEC00BED5-47BE-4194A2871B9753B6
Walsh PM (1990) The use of seabirds as monitors of heavy metals in the marine
environment. Furness RW, Rainbow PS (eds) Heavy metals in the marine
environment. CRC Press: Boca Raton, Florida
Westermark T, Odsjo T, Johnels A (1975) Mercury content of bird feathers before and
after Swedish ban on alkyl mercury in agriculture. Ambio 4: 87-92
Wiener JG, Krabbenhoft DP, Heinz GH, Scheuhammer AM (2003) Ecotoxicology of
mercury. Handbook of Ecotoxicology (2nd ed). Hoffman DJ, Rattner BA, Burton
GA, Cairns J (eds) CRC Press, Boca Raton, Florida 409-463

75

CHAPTER 3
CONCENTRATIONS OF MERCURY IN NESTLING BALD EAGLE FEATHERS
FROM MICHIGAN, 1999-2003 AND RELATIONS TO PRODUCTIVITY AT
THREE GEOGRAPHIC SCALES
Introduction
Bald Eagle
The bald eagle (Haliaeetus leucocephalus) is one of the most studied birds of
North America, and a great amount of life history information, including the response of
various stressors on the eagle’s ability to reproduce, is well known (Bowerman et al.
2002). The bald eagle is a large bird of prey and an opportunistic forager, feeding on a
variety of mammalian, avian, and reptilian prey, but generally prefers fish over other food
types (Buehler 2000). Bald eagles are associated with aquatic habitats (coastal areas,
rivers, lakes, and reservoirs) with forested shorelines or cliffs in North America.
Estimates of territory size vary widely based on nesting density, food supply, and method
of measurement (Buehler 2000). Bald eagles typically have one to three eggs per clutch
with a mean clutch size of 1.87 (Stalmaster 1987) and both sexes assist in parental care.
As long-lived predators, bald eagles may accumulate harmful concentrations of
pollutants such as mercury (Hg), which may impact populations of this species. The bald
eagle has undergone dramatic population fluctuations over the past two centuries with
humans being the most significant source of mortality (Buehler 2000). Concerns about
the bald eagle resulted in its protection in 1967 under the predecessor to the current
Endangered Species Act (ESA). The eagle was one of the original species protected by
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the ESA when it was enacted in 1973. The U.S. Fish and Wildlife Service (USFWS)
reclassified the eagle from endangered to threatened in 1995 in recognition of these
improvements and later proposed to remove the bald eagle from the list of threatened and
endangered species. The USFWS has agreed to make a final decision on its delisting
proposal by 29 June 2007 (USFWS 2007). On 30 June 2007, the bald eagle was removed
from the list of threatened and endangered species, but will continue to be protected by
the Bald and Golden Eagle Protection Act and the Migratory Bird Treaty Act. Both
federal laws prohibit "taking" -- killing, selling or otherwise harming eagles, their nests
or eggs (USFWS 2007).
In North America, numbers of breeding pairs have increased since the ban of
DDT and other organochlorine compounds in the early 1970s, but the recovery has not
been uniform. For eagle populations in the Great Lakes Basin, those in the western
portion, in Minnesota and Wisconsin, have the largest increase in numbers of breeding
pairs and fledglings produced and are the primary source of the recovery of the basin’s
eagle population (Bowerman et al. 1998, Roe 2004). Young breeding adults moving into
unoccupied Great Lakes shoreline habitat, over time accumulate a sufficient contaminant
load so as to impair reproduction. Therefore, eagles nesting along the shorelines and
islands of the Great Lakes are still experiencing impairment of reproduction and are
considered a population “sink” (Bowerman et al. 1998, Roe 2004).
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Mercury
Hg concentrations in many regions of the globe have increased as a result of
industrial activities. Most of the Hg released into the environment is inorganic, but a
small fraction is converted by bacteria to methylmercury (MeHg), a toxic organic
compound. MeHg bioaccumulates through aquatic food webs so effectively that the
primary exposure pathway for MeHg in humans and wildlife species is through fish
consumption (Harris et al. 2007).
There are many sources of Hg to the environment, both natural and
anthropogenic. Natural sources include volcanoes, and natural mercury deposits.
Anthropogenic Hg emissions to the atmosphere originate from a variety of sources
including coal combustion, waste incineration, chlor-alkali facilities, and other industrial
and mining processes (Harris et al. 2007). In the environment, mercury is transformed
into methylmercury when the oxidized, or mercuric species (Hg2+), gains a methyl group
(CH3). A variety of microorganisms, particularly methane-producing and sulfatedependant bacteria are thought to be involved in the conversion of Hg2+ to MeHg under
anaerobic conditions. Methylation occurs primarily in aquatic, acidic environments with
high concentrations of organic matter (Environment Canada). The methylation of Hg is
primarily a natural, biological process resulting in the production of highly toxic
methylmercury compounds that increase in concentration up the food chain (Environment
Canada).
Raptors, including the bald eagle, are especially susceptible to the effects of
environmental contaminants that are biomagnified in a food chain. Hg can cause
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neuropathology resulting in changes in behavior, which may disrupt foraging and
reproduction and result in poor breeding success (Jagoe et al. 2002). Hg concentrations
in eggs are associated with impaired hatchability and embryonic mortality in a number of
bird species (Wiener et al. 2003, Scheuhammer et al. 2007).
There have been numerous studies on the detrimental effects of Hg on different
avian species. Reproductive failure and altered nesting behavior have been documented
in common loons, (Gavia immer, Barr 1986) and laboratory feeding studies have shown
acute lethality, neurotoxicity, and altered nesting behavior related to Hg concentrations in
food for the goshawk, (Accipiter gentiles, Borg et al. 1970) and red-tailed hawk (Buteo
jamaicensis, Fimreite and Karstad 1971). In a field study with common loons, adult
loons in high-risk territories for Hg, left eggs unattended 14% of the time, compared with
1% in lower-risk territories (Thompson 1996). In wild birds, environmental MeHg
exposure may be associated with a higher potential for infection by disease organisms
(Scheuhammer et al. 2007).
Hg concentrations in feathers of bald eagles have been previously documented in
the Great Lakes region (Bowerman et al. 1994). Atmospheric deposition is widely
considered to be the primary source of Hg accumulating as MeHg in fish inhabiting lakes
of the north-central United States (Sorensen et al. 1990). Hg concentrations were
considered to be elevated in bald eagle feathers from Michigan, and a number of
recommendations were made to assess the widespread Hg contamination problem due to
aerially transported Hg loadings (Evans 1993).
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The use of feathers to monitor environmental exposure of birds to heavy metals is
a common method (Westermark et al. 1975, Buhler and Norheim 1982, Bruane and
Gaskin 1987, Bowerman et al. 1994). Feathers, almost entirely made of pure protein, are
a reliable indicator of protein intake in the diet. Adult feathers are molted a few at a time
during the nesting season, with the larger flight and tail feathers frequently molted in
pairs (McCollough et al. 1986). Hg is excreted via growing feathers, and once bound to
the feather keratin molecule, is relatively physically and chemically stable, being resistant
to a variety of rigorous treatments (Appelquist et al 1984, Thompson et al. 1998). For Hg
in birds, about 70% (Honda et al. 1986, Harris et al. 2007) to 93% (Braune and Gaskin
1987, Harris et al. 2007) of the body burden is in feathers, and greater than 95% of the
Hg in feathers is MeHg (Thompson and Furness 1989, Harris et al. 2007).
When working with any species, especially endangered or threatened species,
non-invasive techniques, such as feather sampling are an efficient way to obtain valuable
information, without putting extra burdens on the species. Because feathers are stable,
and do not break down over time, they can be archived for later analysis, providing the
opportunity to analyze temporal trends using the same instrumentation (Berg et al. 1996,
Walsh 1990, Thompson et al. 1992, Harris et al. 2007).

Michigan Biosentinel Program
In 1999, the state of Michigan implemented a long-term bald eagle monitoring
program assessing the spatial and temporal trends of several bioaccumualtive compounds
of concern, including mercury. The state has been divided into five major watershed
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basins, with 20% of these watersheds scheduled for sampling on a five year cycle. This
will allow the entire state to be sampled every five years. The monitoring program
allowed for contaminant assessment at three geographic scales: the entire state; by nest
category; by sub-populations; and Great Lakes watersheds (Bowerman et al. 1994).
The categories in Michigan were defined as category 1: inland (IN), Great Lake
(GL), and anadromous (AN) nests. The IN category included nests greater than 8.0 km
from the shorelines of the Great Lakes that were not along tributaries open to Great Lakes
fish runs. The GL category included nests within 8 km of the Great Lakes while the
category AN included nests along tributaries open to Great Lakes fish runs (Bowerman et
al. 2004). Since no significant differences were found between GL and AN categories,
they were combined as category 2 for all other geographic analyses.
The six sub-populations in Michigan were the inland Upper Peninsula (UP),
inland Lower Peninsula (LP), Lake Superior (LS), Lake Michigan (LM), Lake Huron
(LH), and Lake Erie (LE). The inland sub-population nests were all within the IN
category nests, located in either the UP or LP. The remaining sub-population nests, LS,
LM, LH, and LE, were all either GL or AN category nests, located along one of the four
Great Lakes (Bowerman et al. 1994).
The Great Lakes watershed designations were defined by which water body (Lake
Superior, Lake Michigan, Lake Huron, or Lake Erie) the surrounding land drained into by
way of streams and rivers. The Great Lakes watersheds, except for Lake Erie, were
further delineated into IN and GL based upon which category they were in. The Lake
Michigan watershed IN designation was further defined based on whether the nests were
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located in the Upper Peninsula (LM-IN-UP) or in the Lower Peninsula (LM-IN-LP) of
Michigan. Inland Lake Michigan nests sites were divided into LM-IN-UP and LM-IN-LP
due to the large geographic area the water body covers. Lake Erie was only considered at
the GL designation due to sample collection only occurring from Lake Erie nest sites
(Bowerman et al. 1994).

Objectives
The first objective of the study was to determine if significant differences in Hg
concentrations existed between different genders of nestling bald eagles. The second
objective was to determine if there were significant differences in Hg concentrations
among the years of this study, 1999-2003. The third objective was to determine if there
were significant differences in Hg concentrations in feathers at three geographic scales
(category, subpopulation, Great Lakes watershed). The fourth objective was to determine
if there is a relationship between productivity or reproductive success, and Hg
concentrations in feathers among geographic scales temporally and spatially.

Methods
Feather Collection
Nestling breast feathers were collected during normal banding activities from
mid-May through June from 1999 to 2003 (Figure 1). Nestlings sampled were between 5
and 10 weeks of age and three to four breast feathers were collected from each nestling.
The feathers samples were promptly sealed in small envelopes, labeled in the field, and
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Figure 1. We collected nestling bald eagle feathers from nests located throughout
Michigan from 1999 to 2003.
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shipped and stored at the U.S. Fish and Wildlife Service, East Lansing Field Office (Roe
2004) until analysis at Clemson University. The Hg data from 1999 and 2000 were
previously reported (Roe 2001) but are included here for analysis of the first five-year
cycle of the Bald Eagle Biosentinel Program.

Feather Preparation
Each feather was placed in a labeled Ziploc® bag containing the detergent
Citranox®, agitated, and then washed with deionized water. The feather was placed in a
freezer for 1 h and then in a freeze-dryer overnight to remove moisture. The feathers were
weighed into glass tubes. If the sample was not at least 0.05 g, than the sample was not
used for Hg analysis. 10 ml of concentrated nitric acid (HNO3) and sulfuric acid (H2SO4)
(70:30 v/v) were added into glass tubes and sealed with a glass stopper on top. The
feather samples were digested in a tube block heater at 80oC for 30 min or until fully
digested. The digested solution samples were then removed from the block heater to cool
for at least 30 minutes and diluted to 1:20 by adding 190 ml of deionized water. Samples
were covered with parafilm, and sealed with a cap before being run for mercury analysis.

Mercury Analysis
The digested samples were analyzed according to U.S. EPA method 245.7 for
total Hg by using cold vapor Atomic Fluorescence Spectrometer (AFS, Aurora AI 3200).
The AFS detector was set at a wavelength of 237.7 nm and detection limit was reported
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at less than 1.0 ng/L (Aurora operation manual). The samples were analyzed at the
following conditions:
1) Gas flow rate = 400 ml/min
2) Pump speed = 60 rpm
3) Atomized temperature = 200
4) Rinse time = at least 60 sec
5) Uptake time = 60 sec
6) Integration time = 20 sec, 3 duplicates
7) Reductant = 10% (w/v SnCl2 in 10% (v/v) HCl
A 1 L stannous chloride (SnCl2) solution was made daily each time a group of
samples was run. Hg standards were made using 1,000 ppm +/- 1% Hg standard. The
standards made from a 100 ppm solution and 10% HCl solution were used to make 1
ppm, 2 ppm, 5 ppm, 10 ppm, and 20 ppm standard Hg solutions. A standard curve was
created by the standards and a standard of either 5 ppm or 10 ppm was run after every 5
samples. If the standard result was not in the range of 85 – 115% with the original Hg
standard curve, a new standard curve was made and the sample was rerun.

Productivity and Reproductive Success
We calculated productivity (i.e., total number of fledged young per occupied nest)
and reproductive success (percent of nests producing at least one fledged young) for all
nests sampled from 1999 to 2003. Reproductive measures used were those developed by
Postupalsky (1974).
Productivity and reproductive success data were calculated using two methods.
Productivity (Prod 1) was determined by dividing the total number of young produced by
the total number of comparison breeding attempts for each breeding (Postupalsky 1974)
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area for the study period 1999 to 2003. A second productivity metric (Prod 2) was
calculated as the total number of young produced divided by the total number of breeding
attempts for each breeding area using a running average by calculating the mean value for
the period of the three years prior to the collection, the year of collection, and the year
following collection (Wiemeyer et al. 1984). A breeding attempt was constituted as a nest
where evidence of eggs, young, and incubating adult, fresh eggshell fragments, or any
other field sign that indicated eggs were laid occurred (Fraser et al. 1983).
Reproductive success (RS 1) was determined by dividing the number of nests
producing fledged young by the number of occupied breeding areas (Postupalsky 1974)
for the study period 1999 to 2003. A second reproductive success comparison (RS 2) was
calculated as the number of nests producing fledged young divided by the number of
breeding attempts for each breeding area using a running average by calculating the mean
value for the period of the three years prior to the collection, the year of collection, and
the year following collection (Wiemeyer et al. 1984).

Statistical Analysis
We ran Analysis of Variance (ANOVA) followed by Fisher's Least
Significant Difference Test (LSD). Statistical analyses were performed using the
Statistical Analysis System, SAS 9.1 statistical package (SAS Institute Inc. 2002).
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Results
Sex
Comparisons of Hg in feathers of nestling bald eagles were not significantly
different between sexes at three geographic scales. There were no significant differences
found between male and female nestling bald eagle feathers for Hg (F= 0.80, df = 1, P =
0.37) for category 1 (AN, GL, IN) or category 2 (GL, IN). For the six subpopulations
(LE, LH, LM, LP, LS, UP) there was no significant difference found between male and
female nestling bald eagle feathers for Hg (F= 1.0, df = 1, P = 0.32). At the Great Lakes
watershed level (E, H, M, MS, S) there were no significant differences found for Hg
concentrations in feathers of male and female nestlings (F= 0.80, df = 1, P = 0.37).

Watershed Year
A consistent relationship among watershed years was found for Hg concentrations
in nestling feathers at all three geographic scales. For category 1 and category 2 there
were significant differences among watershed years for Hg concentrations (F= 38.75, df
= 4, P = <0.01). There were significant differences among watershed years for Hg
concentrations at the subpopulation level (F= 42.08, df = 4, P = <0.01). There were
significant differences among watershed years for Hg concentrations at the Great Lakes
watershed level (F= 43.11, df = 4, P = <0.01). For all comparisons, the watershed years
2002 and 2003 have significantly lower Hg concentrations than 1999, 2000, and 2001.
For all geographic comparisons, 2000 >> 1999> 2001>>2002> 2003, where >> defines
significant differences among watershed years (Table 1, Figure 2).
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Table 1. Mean Hg concentrations of 342 nestling bald eagle feathers collected in
Michigan from (1999 to 2003) for three geographic comparisons.
Geographic Scale
Category 1 (AN, GL, IN)
Category 2 (GL, IN)

Subpopulations
(LE, LH, LM, LP, LS, UP)

Great Lakes Watersheds
(E, H, M, MS, S)

Watershed Year
1999
2000
2001
2002
2003
1999
2000
2001
2002
2003
1999
2000
2001
2002
2003
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Hg (ppm)
7.74 B
10.47 A
6.48 B
2.68 C
1.31 C
7.89 B
10.39 A
7.86 B
2.30 C
1.02 C
8.33 B
10.91 A
8.20 B
3.28 C
1.41 C

12

Hg/kg (ppm)

10
1999

8

2000
6

2001
2002

4

2003

2
0
Watershed Year

Figure 2. Mean Hg concentrations in nestling bald eagles from Michigan by year 19992003.
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Productivity and Reproductive Success
Comparisons of productivity of nestling bald eagles were not significantly
different among years at three geographic scales. There was no significant difference
among years from 1999-2003 for prod 1 (F= 1.29, df = 4, P = 0.28) or for prod 2 (F=
0.63, df = 4, P= 0.64) for category 1 and category 2. For the six subpopulations there
were no significant differences among years for prod 1 (F= 1.37, df = 4, P = 0.25) or for
prod 2 (F=0.59, df =4, P=0.67). For the category of Great Lakes watersheds there was no
significant difference between years for prod 1 (F= 1.25, df = 4, P = 0.29) or prod 2
(F=0.57, df =4, P=0.69).
Comparisons of reproductive success of nestling bald eagles were not
significantly different between sexes at the three geographic scales. There were no
significant differences between sexes for reproductive success (RS 1) (F= 0.75, df = 1, P
= 0.39) or RS 2 (F=1.11, df=1, P=0.30) for category 1 and category 2. For the six
subpopulations there was no significant difference found between sexes for RS 1 (F=
0.74, df = 1, P = 0.39) or RS 2 (F=1.02, df=1, P=0.32). At the Great Lakes watershed
level there were no significant differences found between sexes for RS 1 (F= 0.65, df = 1,
P = 0.42) or RS 2 (F=1.03, df=1, P=0.31).
Comparisons of reproductive success of nestling bald eagles were not
significantly different among years at the three geographic scales. There were no
significant differences for RS 1 (F= 1.90, df = 4, P = 0.11) or RS 2 (F = 0.86, df = 4, P=
0.4872) for category 1 and category 2. For the six subpopulations there were no
significant differences among years for RS 1 (F= 1.87, df = 4, P = 0.12) or RS 2 (F=0.78,
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df =4, P=0.54). At the Great Lakes watershed level there were no significant differences
among years for RS 1 (F= 1.88, df = 4, P = 0.12) or RS 2 (F=0.83, df =4, P=0.51).

Relationships between Variables
There were significant relationships found between productivity and reproductive
success for the category 1 and category 2 (Table 2). There were positive relationships
found among: prod 1 and RS 1 (r2 = 0.59, df = 313, P = <0.01); prod 1 and prod 2 (r2 =
0.63, df = 313, P = <0.01); prod 1 and RS 2 (r2 = 0.35, df = 313, P = <0.01); prod 2 and
RS 1 (r2 = 0.41, df = 313, P = <0.01); prod 2 and RS 2 (r2 = 0.65, df = 313, P = <0.01);
RS 1 and RS 2 (r2 = 0.53, df = 313, P = <0.01). There were no relationships between prod
1 and Hg or RS 1 and Hg, but there were significant relationships between prod 2 and Hg
(r2 = 0.01, df = 313, P = 0.04) and RS 2 and Hg (r2 = 0.02, df = 313, P = 0.02).
There were relationships found between productivity and reproductive success for
the six subpopulations. There were positive relationships found among: prod 1 and RS 1
(r2 = 0.60, df = 291, P = <0.01); prod 1 and prod 2 (r2 = 0.62, df = 291, P = <0.01); prod 1
and RS 2 (r2 = 0.35, df = 291, P = <0.0001); prod 2 and RS 1 (r2 = 0.39, df = 291, P =
<0.01); prod 2 and RS 2 (r2 = 0.65, df = 291, P = <0.01); RS 1 and RS 2 (r2 = 0.52, df =
291, P = <0.01). There were no relationships between prod 1 and Hg or RS 1 and Hg, but
there were significant relationships between prod 2 and Hg (r2 = 0.01, df = 291, P = 0.05)
and RS 2 and Hg (r2 = 0.02, df = 291, P = 0.03).
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Table 2: Relationships between Hg, productivity, and reproductive success for nestling
bald eagles in MI from 1999 to 2003.
Geographic Scale
Category 1 (IN, GL, AN)
Category 2 (IN, GL)

Subpopulations
(LE, LH, LM, LP, LS, UP)

Great Lakes Watersheds
(E, H, M, MS, S)

Variables
Prod 1 vs. Hg
Prod 2 vs. Hg
RS 1 vs. Hg
RS 2 vs. Hg
Prod 1 vs. Hg
Prod 2 vs. Hg
RS 1 vs. Hg
RS 2 vs. Hg
Prod 1 vs. Hg
Prod 2 vs. Hg
RS 1 vs. Hg
RS 2 vs. Hg
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R2
0.01
0.01
0.002
0.02
0.009
0.01
<0.001
0.02
0.006
0.01
<0.001
0.01

P-value
0.07
0.04
0.37
0.02
0.11
0.05
0.61
0.03
0.21
0.08
0.72
0.05

There were relationships found between productivity and reproductive success at
the Great Lakes watershed level. There were positive relationships found among: prod 1
and RS 1 (r2 = 0.61, df = 305, P = <0.01); prod 1 and prod 2 (r2 = 0.63, df = 305, P =
<0.01); prod 1 and RS 2 (r2 = 0.37, df = 305, P = <0.01); prod 2 and RS 1 (r2 = 0.40, df =
305, P = <0.01); prod 2 and RS 2 (r2 = 0.66, df = 305, P = <0.01); RS 1 and RS 2 (r2 =
0.53, df = 305, P = <0.01). There were no relationships between prod 1 and Hg, RS 1 and
Hg, or prod 2 and Hg. There was a positive relationship between RS 2 and Hg (r2 = 0.01,
df = 305, P = 0.05).

Discussion
Sex
Nestling feather samples from different parts of Michigan were analyzed for Hg
had no significant difference between the sexes at any geographic scale. This suggests
that male and female bald eagles are experiencing similar ecological factors that could
influence Hg levels in different regions of the state. Therefore, there are no
considerations necessary when utilizing nestling feather collections regarding sex of the
nestling when analyzing for spatial and temporal trends in Hg concentrations.

Watershed Year
Feathers from nestlings in Michigan from different watershed years analyzed for
Hg had significantly different concentrations at all geographic scales. Since the study
design concentrates on different watersheds each year, the differences in Hg
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concentrations most likely reflect regional differences in Hg exposure rather than
differences in exposure among years. Concentrations in feathers in the Great Lakes Basin
were elevated above background concentrations previously determined for feathers of
bald eagles in Alaska in 1988 and feathers collected from museum specimens of eagles
from MI for the period 1953-1957 (Evans 1993, Bowerman et al. 1994). In a previous
study analyzing Hg from the Great Lakes region, mean concentrations varied among
subpopulations but these differences were not significant (Bowerman et al. 2002).
Concentrations declined significantly between 1985-1989 and 1999 only for nestlings
from Lake Michigan and Lake Huron breeding areas (Bowerman et al. 2002).
Comparisons between concentrations in feathers of nestling eagles from 1985-1989
(Bowerman et al. 1994) and 1999-2000 (Roe 2001) indicate that concentrations of Hg
have not changed in the Michigan sub-populations but have decreased significantly at
VNP, Minnesota (Roe 2001).
Concentrations of Hg in most of the Great Lakes have declined during the last 20
years. Hg concentrations in dated sediment cores indicate peaks between 1920 and 1975,
with declines in the mid-1970s (Office of the Great Lakes 2000, Roe 2001). There is a
downward trend in anthropogenic Hg emissions in the US, mainly due to phasing out of
Hg-containing products (US EPA 2000a, Roe 2001). Further studies for the next five year
period should be conducted for a long term analysis of Hg concentrations in bald eagles
from the Great Lakes Basin.
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Productivity and Reproductive Success
MeHg exposures can cause significant behavioral, physiological, immunological,
neurochemical, reproductive, and histological changes in some birds (Scheuhammer et al.
2007). Environmental Hg contamination results in degradation of Hg-sensitive aquatic
ecosystems, because inorganic Hg is methylated, rapidly enters the food web and
biomagnifies to potentially toxic concentrations in fish and their predators (Scheuhammer
et al. 2007). Productivity and reproductive success were not significantly affected
watershed year the feather was collected for any of the geographic scales. In a previous
study on bald eagles in the Great Lakes Region, concentrations of Hg have not been
associated with impaired reproduction of eagles (Bowerman et al. 1994). Greater Hg
concentrations in eagles may indicate the eagles are feeding at a higher trophic level, for
example, northern pike (Esox lucius), which although having greater Hg concentrations,
also provides good nutrition for the nestlings.

Relationships between Variables
Reproduction is the demographic parameter most likely to be negatively affected
by exposure to MeHg in birds (Mergler et al. 2007). Productivity (prod 2) and success
rates (RS 2) had a positive relationship with Hg concentrations in nestling bald eagles
when using the running average method of Wiemeyer et al. (1984). However, in no case
was there > 1% of the variability in either Prod 2 or RS 2 explained by the concentrations
of Hg in nestling feathers. There was no relationship between productivity (prod 1) and
success rates (RS 1) with Hg concentrations when analyzing from 1999 to 2003.
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In a previous study, there were no correlations found between measures of
productivity and reproductive success with concentrations of Hg in nestling feathers from
1999 and 2000 (Roe 2001). In a study analyzing feathers for Hg, neither of the
reproductive parameters, neither productivity nor nesting success, was significantly
correlated with logarithmic concentrations of Hg (Bowerman et al. 1994). The findings
in this study are in agreement with the lack of association of bald eagle productivity and
success rates and Hg concentrations reported in previous studies (Wiemeyer et al. 1984,
Anthony et al. 1993, Bowerman et al. 1994, Roe 2001).
There may be numerous factors that could explain the decrease in effect of Hg on
bald eagle productivity and reproductive success, including the basic life history of the
bald eagle. The greatest exposure to Hg in the eagle’s yearly diet would come from
walleye (Stizostedion vitreum) and northern pike based on Hg concentrations in these
fishes in inland lakes in Michigan (Evans et al. 1991, Bowerman et al. 1994). Although
walleye are rarely taken, northern pike are a major source of prey for nesting eagles in the
Great Lakes Basin (Bowerman 1993, Bowerman et al. 1994) and their consumption is
almost exclusively during the period of time corresponding with molting and replacement
of feathers by the adults during the spring and summer (Bowerman et al. 1994).
Effects of Hg on wild populations of nestling bald eagles are hard to assess due to
the simultaneous presence of ubiquitous xenobiotics such as organochlorines compounds
(Anthony et al. 1993, Roe 2001). Co-exposure of polychlorinated biphenyls (PCBs) and
other compounds have been found to cause reproductive effects in bald eagles within the
Great Lakes Basin (Best et al. 1994, Roe 2001). In our study, Hg concentrations had a
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significant correlation with productivity and reproductive success using one of the
methods. Since there is a positive correlation, the results may indicate that as Hg levels
rise in an eagle, productivity and reproductive success rates rise as well. The potential
negative effects of Hg on productivity may be offset by the nutritional value of prey like
northern pike provides for nestlings. Future research on the relationships between
productivity and reproductive success and Hg concentrations in bald eagles from the
Great Lakes Basin using the Wiemeyer et al. (1984) method for calculating productivity
and reproductive success needs to be conducted to clearly assess any true relationships
between the variables.

Conclusion
Nestling feathers of bald eagles from 1999-2003 were analyzed for Hg
concentrations for differences between sex, years, and productivity/reproductive success
among subunits at three geographic scales (category, subpopulation, Great Lakes
watershed) in the Great Lakes Basin. There were no significant differences in Hg
concentrations between different sexes of nestlings for any of the geographic regions.
There were significant differences in Hg concentrations between the watershed years of
study, 1999-2003 for all the geographic locations, with the years 2002 and 2003 having
significantly lesser Hg concentrations. There were no relationships between productivity
and reproductive success, and Hg concentrations in feathers among geographic scales
temporally and spatially for where >1% of the variability in prod 2, RS 2, prod 1 or RS 1
was explained by Hg concentrations. Further studies should continue to examine nestling

97

bald eagles for Hg concentrations at the three geographic scales to determine if there is a
continuous trend of Hg concentrations in the Great Lakes ecosystems as determined by
this bioindicator species.
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SUMMARY AND RECOMMENDATIONS

The effects of and movement of Hg in aquatic food webs to bald eagles was
studied in three inter-related research projects. In summary, our studies found: Hg does
not affect bald eagle reproduction; how Hg moved through aquatic food webs is
dependent on many environmental and ecological factors; there were geographic

UP
differences in Hg exposure; and, methods of monitoring Hg were established such as
analyzing a combination of the rachis and webbing in a feather and analyzing any of the

LP

five 4 cm sections from tip to base of the adult feather. The three projects were conducted
using feathers collected from nestling and adult bald eagles from the Lower (LP) and
Upper (UP) peninsulas of Michigan and Voyageurs National Park (VNP), Minnesota.
In the first study “Variations in Concentration of Mercury and Stable Isotopes
among Sections of Adult Bald Eagle Feathers” we evaluated Hg concentrations among
various parts of the adult feather from three different locations. In summary, our study
found:
1) There were significantly greater Hg concentrations in the webbing of the feather
than the rachis when analyzed separately but not when the parts were combined.
There were no significant differences for stable isotopes between the webbing and
the rachis when analyzed separately or when the parts were combined. Thus,
when analyzing feathers for Hg, it is important to analyze a combination of the
webbing and the rachis, rather than a single part.
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2) There were no significant differences among the five sections of 4 cm each from
tip to base of the feather for Hg or stable isotopes. Thus, it does not matter which
section of the feather is used when analyzing for Hg or stable isotopes for adult
bald eagles.
3) There were significantly greater Hg concentrations in VNP compared to UP and
LP. There were significantly different concentrations of both stable isotopes for
all three locations.
4) There was a strong relationship between
feathers, but not between Hg and

13

13

C and

C and/or

15

15

N in adult bald eagle

N.

Recommendations for this study are when analyzing adult bald eagle feathers for
Hg concentrations, it is important to use a combination of both the rachis and webbing of
the feather. However, the section of the feather, from tip to base, used for Hg analysis
does not make a difference.
In the second study “Mercury and Stable Isotope Concentrations in Nestling Bald
Eagles at Voyageurs National Park” we evaluated if there were significant differences in
Hg and stable isotope concentrations among three lakes and between bald eagles feeding
on different prey, primarily bird-consumers or fish-consumers at a national park in
Minnesota. If stable isotope composition and Hg content of feather samples are
correlated, they may provide insights into possible Hg exposure routes and sources and
can help assist in management plans, decisions, and regulations affecting the health of the
local ecosystem. In summary our study found:
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1) There were significant differences in Hg concentrations among the three lakes,
with Lake Kabetogama having lesser Hg concentrations than Rainy and
Crane/Sandpoint. There were no differences for
three lakes. There were different

15

13

C concentrations among the

N concentrations among the three lakes.

2) There was a significant difference between Hg concentrations between primarily
bird-feeding eagles and fish-feeding eagles. However, the sample size was small
for bird-feeding eagles in this study. There were no differences in stable isotope
concentrations based on different prey consumption.
3) No relationships were found between and among Hg,

15

N, and

13

C.

4) Reasons for elevated Hg concentrations at VNP are due to numerous variables
including management of the dams at Rainy and Namakan Lakes, and differences
in ecological and environmental factors.
Recommendations for this study include a larger sample size for analysis of prey
and relationships between variables by combining previous eagle Hg and stable isotope
data from Michigan (Roe 2004). Specifically analyzing prey items collected within and
around the nests for Hg and stable isotope concentrations may further define trophic
relationships in the VNP ecosystem.
In the third study “Spatial and Temporal Mercury Trends in Nestling Bald Eagles
in Michigan” we evaluated Hg concentrations from nestling breast feathers from 1999 to
2003 in the Great Lakes region and evaluated the ability of the Michigan Bald Eagle
Biosentinel Program sampling method to detect trends of contaminants in Michigan at
different geographic scales (Roe 2004). In summary our study found:
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1) There were no significant differences in Hg concentrations between sexes for any
of the geographic scales.
2) There were significant differences in Hg concentrations among years with 2002
and 2003 having lesser Hg concentrations and the year 2000 having the greatest.
3) There were no significant differences in productivity or reproductive success
between sexes or among years for any of the geographic scales.
4) There were no significant relationships found between productivity, reproductive
success, and Hg among any of the geographic scales.
Recommendations for this study include a continuous long-term analysis of Hg
concentrations in Michigan.
In conclusion, the results of these three studies confirm that the bald eagle is an
ideal bioindicator for the Great Lakes and VNP ecosystems of Hg availability to a top
avian predator. The use of feathers as a non-invasive technique for analyzing Hg and
stable isotopes has proven effective through this study. With these results, proper
procedures for examining feathers for contaminants have been established and knowledge
about the status of the bald eagles in the three locations obtained, helping with
management and conservation of the species.
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